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ABSTRACT

Spontaneous ignition phenomena have been evaluated for eight
experimental hydraulic fluids. The technique of thermo-electric flame
detection has been us-J to determine the minimum spontaneous ignition
temperature for each system ii air at one atmosphere pressure.

Differential thermal analysis has been employed for the study of the
thermal and oxidative degradation of two experimental lubricants in
the presence of several metal oxide catalysts. Six other lubricant
systems without added catalytic agents have been subjected to
"differential thermal analysis to evaluate their resistance to thermal
and oxidative decomposition. The standard MIL-H-27601A constant
temperature thermal stability apparatus has been modified to permit
the measurement and recording of pressures developed during the course
of the test. Several materials have been evaluated by means of the
modified procedure. The chemical and physical properties of various
lubricants and hydraulic fluids have h-en determined. Emphasi• has
been directed but not exclusively confined to the study of properties
which are related to the attainment of effective lubrication at
elevated temperatures.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be made
only with prior approval of the Fluid and Lubricant Materials Branch,
MANL, Nonmetallic Materials Division, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Ohio 45433
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1. SPONTANEOUS IGNITION OF EXPERIMENTAL HYDRAULIC FLUIDS

1.1 Introduction:

During the past reporting period the spontaneous ignition

properties of eight experimental hydraulic fluids have been studied.

The current investigations comprise part of a larger program of study,

portions of which have been described in previous reports in this series.

The design and construction of the spontaneous ignition apparatus and

discussion of the technique of thermoelectric flame detection may be

found in Reference 2. Various applications of the apparatus and methods

described therein to a variety of experimental and operational hydraulic

fluid systems are described in References 3, 4 and 5.

It has been found useful as well as convenient to define several

terms which relate to spontaneous ignition. These have been published

previously (Reference 3) but are repeated at this point for the convenience

of the reader.

(1) The spontaneous ignition temperature (SIT) is the

lowest temperature at which hot-flame ignition is

found for a given sample volume in an ignition

chamber of specified size.

(2) For a given ignition chamber volume the lowest

(SIT) for any sample size is (SIT) S

(3) For a give, sample size the lowest (SIT) for

any chambver volume is (SIT)v.

(4) The lowcst ,'Sl1) for any chamber volume and

sample size ;s (SIT) sv.

2 The reaction threshold is the lowest temperature

for a given sample size and chamber volume at

which a measurable exotaermic effect can be

observed subsequent tc th- i.t.•oduction of the

sample.



The usual term fuel/air or sample/air ratio has not been

employed in these studies because, although a measured volume of the

liquid sample may be introduced into the ignition system, it is unusual

for complete volatilization to occur. The most common occurrences are

the partial evaporation of the sample followed by the ignition of the

gaseous components or the thermal degradation of the fluid tc produce

gaseous decomposition products which then ignite if they axe exposed

to a temperature sufficiently high to cause their spontaneous combustion.

In either case the determination of the actual volume of vapor formed

would be a fairly difficult procedure which would be of small benefit

in the overall assessment of resistance to spontaneous ignition. The

effort required to obtain fuel/air ratios under these circumstances

is not justified by the information yielded therefrom. Instead the

liquid sample volume used and the ignition chamber capacity are

recorded for each system which has been studied.

The investigation of the spontaneous ignition properties of the

eight systems described in this report has been confined to a single

chamber size. The properties (SIT) and (SIT)s have been determined for

each sample. In addition the reaction threshold has been measured for

one sample size in a chamber of the same volume used for the other

determinations.

1.2 Apparatus and Procedures-

The apparatus procedures and definitions used are the same as

those which have been described in earlier reports (References 2, 3, 4, S).

AiM- at 1.0 atm. pressure was the oxidizing medium in all experiments.

A one-liter borosilicate glass combustion chanter was used. The combustion

chamber was removed and cleaned after each experimental run in which

visible deposits were observed subsequent to the completion of combustion

reactions. This necessitated replacement of the chamber after virtually

every experimental run.

2
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Sample introduction was accomplished by means of an automatic

repeating pipet with an 18" stainless steel hypodermic needle. The

needle for all experiments had a 0.109" O.D. with 0.085 I.D. The end

of the needle was constricted to an opening approximately 0.010' x 0.085".

This needle has been identified in the experiments to follow as, "Needle A."

All experimental runs were accomplished with an iron-constantan

element in the thermoelectric flame detectior system. In no case was

there evidence of interaction either catalytic or otherwise between the

thermocouple materials and any of the sam•les which were investigated.

1.3 Experimental Results and Discusion:

1.3.1 MLO-64-4. See Table I and Figures 1 through 7.

Runs made with sample sizes of 0.1, 0.5 and lU ml. 1in the

1000 ml. combustion chamber were found to exhibit typical hot-flame, cool-

flame, and pre-ignition type reactions. Runs 12 and 14, Figures 1 and 2

are representative of the pre-ignition reactions. Runs 5 and 21, Figures I

and 4, illustrate the cool-flames while Runs 2 and 26, Figures S and 6 show

typical hot-flame ignitions.

The minimum temperature at which hot-flame ignition may be expected

to occur is determined from the plot of observed spontaneous ignition

temperature vs. sample size shown in Figure 7. The minimum spontaneous

ignition temperature, (SIT) , is found to be 670 deg. F. The reactions
threshold for the 0.2 al. sample series is 423 deg. F.

1.3.2 MLO-64-S. See Table II and Figures 8 through 12.

Ia the processes involved in the spontaneous ignition of sample

MLO-64-S no cool-flame reactions were observed. The transition from pre-

ignition reactions to hot-flames as the temperature of tne combustion

chamber is increased apparently proceeds without the occurrence of

intermediate cool-flames. Runs 2 and 13, Figures 8 and 9 illustrate the

pre-ignition reactions. Runs 4 and 20 are typical of the observed hot-

flame ignitions.

3



TT'.LE T

SAMPLE NU"R MLO-64-li

SPONTV.•EOEU IG11ITIO1V TEIqATURE

1Needle A
1CO0 ml. chanmber - Iron-Constantav Thermocouple

TYPE OF REACTION
RýAn Sample Initial Max. Pre- Cool H14t Delay. Observations

Size, Temp., Rise, 16ition Flame Flame Sec.
ml. deL. F. deg. F.

1 l.1C 670 1:6 X 43

2 676 170 X 22 Cran~e flame, explosion
673 53 X 48

4 SA-2 178 X 20 (range flame, explosion

5 0.5 667 57 X !7
670 173 X 15 Grange flame, explosion

7 676 127 X 17 Qkanme flame, explosion

0.2 423 0 x

435 5 X
1 475 8 X
11 495 14 x
12 50C5 21 X
13 54o 30 x 166

543 31 X 184
15 5o0 41 x Ro

1 572 45 X 2
17 595 ;q X 5P

1155 x 5c
1:. ,;5 4X 5

-35 '41 X

51 X
: 9.7 41- x "5

2 :7r 2i5 / (ksnse :lame, exliosion
-.5 175 X 14 ()-aný;e flame, exjlcsior

. 2:e 13 " flame, exloo

13 Ila & I
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- -MLO- 64- 4
_0 9 RUN 4 1

START- 543OF

- -,

FIGM- 2. N4.-64.4. SPONTANEOUS 100TITON TEWERA7Mu. RLN 14.
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S~~MLO- .. ..... ...I _RUN 5

___ 0

* I

FIGURE 3. 140O-64-4. SPONAN~E0L IGNITION~ TEMPERATURE. RIX~ S.



MLO-64-4
0RUN 21 0

0 0

0

~0 0

FIGJW 4. )tO-64-4. SPOTAWEUS IGNIT'.(i '!vWFArUIM RN 21.
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MLO-64 - 4I ~RUN 2i___ I

____ 10 SEIj____

FVWS. WLO-64 -4. SOTAHQflZ IGKITION T6)ERATWE. RUN4 2.
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RUN 26

I~; *.*..-

FD 0

0 
I AR -6 9

PIGM~~~~ ~ ~ 6.A-44 PNAEt 04TO EWRTM I

RUN26_____ ____ 1



1LI
0
0. i

w 680- MLO-64-4

z 675
0

~670-

7 665-
. I I I I

0.0 0.2 0.4 0.6 0.8 1.0

* .SAMPLE SIZE, ml.

FIG E 7. L-64-4. NINI•I SPOWNTANEOUS INITh3N T-NPERATIME.
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TAMPLE N • I1B

SPOICAT OUS IGNITION TMPERATURE
Needle A

1000 ml. chamber - Iron-Constenten Thermocouple

TYPE OF REMCTION

Run Sample Initial Max. Pre- Coo0 Hot Delay, Observations
Size, Temp., Rise, Iguitioz, Flame Flame Sec.
nI,. deg. F. deg. F.

1 1.0 431 9 x

2 449 13 X

3 455 100 X 156 Orange flame, explosic

462 314 X 95 Orange flame, explosic

5 0.5 451 13 x

455 185 X 129 (Oange flame, explosic

7 0.2 421 0 X

424 2 x

9 43C 7 X

10 433 1) x

11 443 12 X

12 44 x
13 450 12 x

I1, 455 127 X 12Pý Orange flame, explosio
"455 156 X 125 (Crax•ae flame, explosio

k59 ,1 X iOIa Ckrane flame, explosio

17 476 161 X 3 C (rae-e flame, explosio

1 0.1 1 -X

:440 7

2,, 5U Srkt craa-e flame

12
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0 0
SMLO-64-5 ", "

j..... 1

RUN 20 ,

%w T

I I
C 0:

FIGUM 11. NG-64-$. SPONTANEOUS IGQITIM TEl• *ETUW. RUN- 20.
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The lowest temperature for which hot-flaw ignition my be

expected is determined from Figure 12 in which spontaneous ignition

temperature is plotted as a function of sample size. It may be seen

that the spontaneous ignition temperature does not vary over the range of

sample sizes from 0.1 to 1.0 al. The minimum spontaneous ignition

temperature, (SIT) s, is therefore 455 deg. F. The reaction threshold

for the 0.2 al. sample series is 421 dog. F.

1.3.3 ELO-66-$1. See Table III and Figures 13 through 22.

In the study of the spontaneous ignition of sample ELO-66-S5

cool-flm reactions were observed only for the 0.2 and O.S al. sample

sizes. In the runs nade with 0.1 and 0.05 al. of sample in the 1000 al.

combustion chmber ;re-ipnition reactions were followed directly by hot-

flmas. No intermediate reactions were observed. Runs 7, 30 and 36

illustrate typical hot-flame ignitions. See Figures 13, 14 and IS.

Rus 2 and 31 are typical of the ccol-flame ignitions. See Figurcs 16

and 17. Examples of some of the soxe energetic pre-ignition reactions

are shown by Runs 22 and 25, Figures 18 and 19. The transition from

cool-flm to hot-flm is especiall,, gradual in the case of the O.OS al.

sample series. In some cases the time-t~mperatre plots possess properties

coumon to both flam classes. These runs have been designated by "?" in

Table III and have been included under the general classification of cool-

flaews. hns 3 and S, Figures 20 and 21 illustrate this phenomenon.

Figure 22 is a plot of observed spontneous ignition tempersture

against sample size. The minimum spontaneou* ignition temperature. (SIT) ,

de9ermaied frm that plot is 1002 dog. F. The rtartion threshold for the

0.2 al. sample series is 533 dog. F.

1.3.4 EW..67-16. Se. Table IV and Fi cres-23 tlhrough 29.

In thr ex rimental series using 0.2, O.S and 1.0 ml. of sample

both cool- 4d hot-flw reactions were detected. In the 0.2 ml. series

ruis were ake at temperatures low enough to delineate the temperature

rage vithin which pre-igition reactions may be expected. The ignition

phoewiac observed for this sample are quite t.ypical. No unusual features

were noted during the study of its self-ignitiom properties. hans IS and 16,

Il.__________ 
___
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sA.wI mmm U.O66-51

60W! tB IGNITIO4 T34RATZU•

Needle A

1000 al. chamber Iroo-Omtattan nm ý

Run amle Initial HMix. Pre- 001 h A y obsrtio

Sizet Ta... Rise Igition Flame Flame S.
al. .eA. F. •.r. ..

1 0.5 loci 36 x 16 smoke

2 100T 37 x 17

3 1015 47 x?17 So~ke

4 1C20 55 X 11 Smoke

5 1025 45 X? 11 -,oke

6 1030 39 9 smke

7 1015 56 x A.0 S•re

P 0.2 147 o x

9 -7C 0 x
10 484 0 x

11 533 0 x

12 594 x

i "0 X

15 735 C X
16 Tc o x
17 033 C x

1) ~ 37 2 x
1 • 2 x

* 2C x

21 5 x

22 SkI1 x

23 Kz



BA~eL buen ELO-66-51

5POTrAM3A IGXMNIIt TDWMkIJt.

Noodle~ A

100 ml cbmbe -Irao-Omosta-atain 7brvccqpu

TVM OF RVIOMfI

7!MW*~,* ?::3does Inition Flamm Flo Sec. __

oill ads re~y O-frvt re

26 1000 27 x 9
27 1003 ?2 xSoke

2' 1006 63 X ke

29 1c.16 60 X 7 Swke

30 1022 105 X 5 Smke

31 1031 39 Y. 9 SWAM

32 1052 t.7 x It ftk

33 0.1 W97 5x

1001o 9 x

35 1002 55 X ýi SOKV

31 1005 P-)5 x 9 Sa~oke

37 0.05 1005 15 X

3" 13C.5 7 x

IC15 7i. x Ske

20
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1 o o

ELG-66- 51 ,--
R UN 30

0

_ • START- 10220°F.

0 0

_ _ _ •to. _0....
100SC0 00
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....... E LO -66-51
oRUN 36 0

_______ _______ 0 SO SEC _ _ _ _ _ _ _

4- 1

0
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ELO -- 66 -50
JRUN 2- 1100SEC r

START- 107F

I ~ 0

rVJ 1 6, FiQ-0-S. SPONTANEOUS P74i11O10N 1TMPPEvATURE. U .



*1 - ELO -46-51
RUN31 _ _ _o

0 0
.RT - 1031 .'F,

FIGURE 17. FLO-66-S1. SPONTANEOUS IGNITION TEMPERATURE. RUN 31.
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I'

0 ~ ELO-66 -51
,. ( RUN 3,.

STA RT 5F

100 SEC

tit-1 !gi___-

FIGURE 20. ELO-66-SI. SPONTANEOUS IGNITION TEMPERATURE. RUN 3.
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I,

_____ ~ELO-66- 51

START- t510?F.

I 0

FIUR 21. EL-6S.SoliT sEOU IGIINTMERTR-RNS

I 

2

&

FIQRE• d. ELO-66-S1. SPOI;TANqEOt5 IGN4ITION TEMPERATURE. RUN4 S.



1020 ELO-66-51

Z 10100

I000 -

0.0 0.1 02 0.3 0.4 05
SAMPLE SIZE, ml.

FIGUM 22. ELO-46'=Sl. RINIDM SPONTArNEOUS IGNITION T19EA•IAMUR.
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* ~~SMOU LE E SE U-6-16

* 8P0SVWANDNAR IGIMTION IMPGERAT11

boedle A
1000 al. cemsber - fron-..Ometantau Trwncoiw1

TVW! OF MAC!UW

Run Smupl* Wntial Ibx. pre- awl BAt Delay, Observations

1 1.0 650 45 1 32 smke

2 657 33 x 20 Ceacge flam,, explosion

3 663 44 x '.2 smk

14 0.5 595 37r x 47

5 601 33 x 145
6 621. 36 x 43

* 7 64.C 36 x 39
8 64,; 43 x 37 a&

9 65o 35 x 14. (rmok.:' f1a, eplosiou
10 65- 19C X1 15 Ckav, flame, explosi %a

11 0.2 1413 0 x

12 435 2

13 1460 x
14 '.85 7 x
15J 517 10 x

16 52!8 114 x

17571. 35 x T2
0593 33 x 4a7

* 19 5914 32 x 55
2.615 36 x



II

TABLE IV-C(•.TIVUED

SANL Mu UO-616

• lledi. A
1000X ml. cbn .7 froi-Oct~sotan •ra •o).e

7M Or lRZACTI01

Run Sepl Initial bbx. p:ro- CI0 Hot Melays Observation

sizes W.O Rise, IgnitioF. m Flo Sec.
al. do&. F. F,.

?j1 0.2 632 38 x
,e 641 44 x

23 651 66 x 41 Smoke

21. 657 10 x

662 213 x 11 Orange flae

26 665 261 x 12 Oange flaw

2? 667 101 x 12 range flame
29 676 91 X 8 Cbenge Came

29 695 61 x 8 Crue fa

32
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ELO -67 -16__
RUN _6

~~~ 0SECI
____ ___ ____ ___ _ _ __ _ ___ __ START- 526BF.

FIOIRE 24, ELO-67416. SPONTANFOUS fGNITION TEMPh"ATURE. RUN 16.
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ELO-67-16
SRU N -8

0 -

o 0

- '- t 0

."START- 647 F.

o' __ _ _ _ 0_ _

- ,IJ (00

FIGURE 25. ELO-67-16. SPONTANEOUS IGNITION TEMPERATUR.E. RUN 8.
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iC.i

* . ELO-67-16 Ito 0
"-- R- N -23 - - ,

0 -

.7t
0 0

1 START- .651F.

FIGURE 26. ELO-67-16. SPONTANEOUS IGNITION TEMPERATURE. RUN 23.
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K ELO-67-16
0-RUN 25 o _____

Im 00 - 4!

* _ _ _ _ _ _ 0 _ _ t

100 SEC

0 0
rk- START- 662OF

0t,, o _ _ __ __ _ __

(o i o
r(0 (0 ____

FIGURE 27. ELO-67-16. SPONTANEOUS IGNITION TEMPERATURE. RUN 25.
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- ' , ' i

-4 -

ELO-67-a,16
__ __ i RUN 28--_ o

T I10 SEC
I-4-

STRT- G76*F. g

FIGURE 28. ELO-67-16. SPONTANEOUS IGNITION TEMPERATURE. RUN 28.
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L, I

665 ELO-67-16

w- 660°

z 655
0

S650z
1645

S•I I ! ..
0.0 0.2 0.4 0.6 08 1.0

S' SAMPLE SIZE, ml.

FIGURE 29. ELO-t7-16. MINIMUM SPONTANEOUS IGNITION TEMPERATURE.
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Figures 23 and 24, illustrate the pre-ignition reactions, Runs 8 and 23,

Figures 25 and 26, the cool-flames; and Runs 25 and 28, Figures 27 and 28,

the hot-flames.

The minimum spontaneous ignition temperature, (SIT) s, determined

from Figure 29 is 650 deg. F. The reaction threshold for the 0.2 ml.

sample series is 413 deg. F.

1.3.5 ELO-66-109. See Table V and Figures 30 through 36.

In the study of the spontaneous ignition of sample ELO-66-109

pre-ignition, cool-flame and hot-flame reactions were observed for all

sample sizes which were investigated. Pre-ignition reactions are

illustrated by Run S, Figure 30, and kun 15, Figure 31. Typical cool-

flame ignitions are shown by Run 18, Figure 32, and Run 22, Figure 33;

hot-flame ignitions, by Run 21, Figure 34, and Run 24, Figure 35.

Figure 36 is a plot of observed spontpneous ignition temperature
against sample size. The minimum spontaneous ignition temperature, (SIT) s,

determined from that plot is 650 deg. F. The reaction threshold for the

0.2 ml. sample series is 451 tieg. F.

1.3.6 ELO-67-23. See Table VI and Figures 37 through 44.

In the processes involved in the spontaneous ignition of sample

ER0-67-23 typical hot-flame and pre-ignition reactions were observed.

Runs 2 and 18, Figures 37 and 38, are representative of these hc~t-fiame

ignitions. In some cases more complex hot-flame ignitions occur. This

kind of reaction is distinguished by the series of sharp, intense peaks

which are produced by the multiple ignitions which ooccur. Runs 8 and 16,

Figures 39 and 40, are illustrative. Typical pre-ignition reactions

occur in Runs 5 and 13 -- See Figures 41 and 42. Some reactions resemb'ing

cool-flame ignitions are evident at the higher temperatures studied for

the 0.2 ml. sample series. Run 20, Figure 43, is illustrative.

Observed spontaneous ignition temperatures are plotted against

sample size in Figure 44. The minimum spontaneous ignition temperature,

(SIT) , determined from that plot is 471 deg. F. The reaction threshold

for the 0.2 ml. series is 420 deg. F.

40
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TABLE V

sAWL3 UWSU mo066-109

a!UTAUU05 IGNI' TION RAWU=

Nmeloe A

1000 al. chme - fIrn-0Omstantan ThszincoHjue

TUN CI 3ZAMOR

Ban SINS Lntial Axe Ito- 000.1 . t Delay, Obsevations
size, ., Rises, Ignition 7MM n Se.e

1 0.2 1 1 --

2 465 X --

3 522 10 x --

x --

5 559 17 x --

6 580 23 x 55
7 6o0 29 x 48
8 61.7 6 x 57
9 6"3 31 x 39

10 645 30 x 38

U 650 33 X 53
12 656 179 x 4 COang rimee,

explosion

13 666 198 x 6 Ore i flaw,

14 0.1 495 10 x

15 532 11 K -

1 5e 26 x

17 61o 27 x 38

18 64 0x36

19 650 156 X 4ange -. m

655 650 x 5 Oanre f1m

21 660 175 x 7 Orange lim

22 0.05 650 27 x 36

?3 652 24 x 37
24 657 129 X 5 Orange flow

41



ELO-66-109 9

___ -RUN 5 _ _ -

* oos ~1

100 SEC

0 _ _0

to o STA_ T- 5 5,9F.

S,, L-, |"H --...-

III

FIGURE '( ,p,, o SPONTANEIUS I(NITION TEhPERA IRE. RUN S
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- ELO-66-109 0 -~~RUN 15 v .,

100 SEC

i0

STAR T-532

it

FIGURE 31. ELO-66-109. SPNTANEOUS IGNITION TE•.PERATrOR. RLIU 15.
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A . ELO-66 -109
0

0- .R 
UN. 1

a 
o

v 
a

0• .0 " START_ _ _ _ _ _ _ _ _ _ _ _ Cp. 6 4 5 0F.

FIGURE 32. ELO-66-109. SPONTAHEOUS IGNITION TE9PERATIURE. RLM 18.
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_____ ________ ELO-66-109

0 ~RUN 22Z

100 SEC i

0

START-6506F

FIG=~ 33. ELI--66-109. S"INNkEOLV ICNITION IThERATRE. RUN~ 12.

AS



0_ ELO- 66-109 oS.. .... .• .' •.

cc RUN 21

FIGUP3 34. 0-66 100. SONAEC U GIINTHEAUE U 1

0

0 F.

'00

FIGURE, 34. ELO-66-109. SPONTANEOUS IGNITION TEMPERATURE. RUN 21.
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ELO-S6-109
0 o=RUN 24 0

:O0 SEC

- I
0

ep

- .. ISTART- 6 5 7 ".F

___ 0 o
S '0 €

FIGURE 35. ELO-66-109. SPONTANEOUS IGNITION TEMPERATURE. RUN 24.
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I I I ~If

o 665- ELO- 66-109

z 665
0~665

t660 -

665

0.0 0.05 0.1 0.15 0.2 0.25

SAMPLE SIZE, ml.

FIGURE 36. ELO-66-109. MINIMUM SPONTANEOUS IGNITION TEMPERATURE.
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TABLE VI

SAMPLE NuER EO-67-23

SPOTMA1OUB IGNITION TDERATWE

Needle A

1.000 .,. ,.heber - fron-Constantan hermocple

TYPE OF R•EC'IlCON

Rum Ssuple Initia1 Nax. Pre- COol Hot Delay, Observations
size, Tamup.. Rise, Igition Flame Fiame Sec.
al. dog. F. d.F.

1 1.0 475 10 X -- ke

2 482 100 X 220 Heavy explosion,
orang•flw

3 0.5 425 1 X --

4 156 4 x --

5 465 15 x --

6 471 80 X 203 Heavy explosion,
orange flame

7 476 74 X 196 Heavy eoplosion,
orange f Ar

8 491 215 X 133 Heavy explosion,
orange flame

9 0.2 420 0 X --

10 425 5 X --

11 433 6 X --

12 442 8 X --

13 455 7 X

14 1462 7 X -

15 468 114 x --

16 474 228 X 138 Heavy explosion,
smoke

17 488 204 X 78 Heavy explosion,
smoke

18 519 198 X 51 Heavy explosion,
amoke

19 520 26 x --

20 567 4o X 55

49



0 0

EO67-23 j 
__ .

R U N 2 2___

0 0

100 SEC (0 (0
S.... u , I STA R T

__ __ _1482OF"

_ ___0 _ _ _

FIGURE 37. ELO-67-23. SPONTANEOUS ILNITION TEMPERATURE. RUN 2.
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o ELO-67-23 -
RUN 18 cc

0 0
t-.

I

(0 100 SEC.

START- 519V F"

FiGU,JE 38. ELO-67-23. SPONTANEOUS IGN4ITION TENWERATURE. RUN 18.
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0 _ _ _ _ _ _ _ _ _ _ _ _ _ _

D ELO-67-23 -

RUN'8 _ _

-- ~100 SEC-

I 4 9 F

F -9 ,- - ...... . R 8..

- '491 F510 • Ia91F

-7--.... ' - - "F-- i-

FIGURE 39. ELO-67-23. SPONTANEOUS IGNITION TEMPERATURE. RUN 8.
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1-- ELO- 67-23 c
RUN 16

10SEC (

_START 0 [

FIGURE 40. ELO-67-23. SP(X'T7AEO1JS IUNIrION 1ThPERATURL. RIN 16.
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0 0
ELO- 67- 23

____..RUN 5 _ _ _ _ _

100 SEC

0 0I

FIGURF 4!, FLO~-f<>23. SNc*NTANFTOtS (~TO Tl-hMrTRATURI-.. RtL N



F
ELO- 67- 23 - -HRUN 13 -

0 0

- SEC

A."TV. 455 ". .

"*7 TA"; 1 IT I -N ,L1 ;Z--



:z3V..•

FO 6 -23 _gRUN 20 (Z

"t.START- 5670 F

100 SEC

0
I0

FIGURE 43. ELO-67-23. SPONTANEOUS IGNITION TEMPERATURE. RUN 20.
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I I I I

o 485- ELO-67-23

S480-

z 475
0
-470-

- 465-

0.0 0.2 0.4 0.6 0.8 1.0

SAMPLE SIZE, ml.

FIGURE 44. ELO-67-23. MINIMUM SPONTANEOUS IGNITION TEMPERATURE.
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1.3.7 ELO-67-49. See Table VII and Figures 45 through 60.

At temperatures below 500 deg. F. the spontaneous ignition of

the sample apparently proceeds without complication. Both pre-ignition

and hot-flame ignitions occur. In some cases the hot-flame ignitions

lead to the formz:tion of multiple peaks in the time-temperature record.

In other cases single sharp peaks are observed alone or followed by
broad peaks due to slow oxidation. The occurrence of multiple ignitions
with the larger sample sizes is observed at temperatures just above the

transition point from pre-ignition reactions to hot-flame ignitions.

The following runs are illustrative of the various hot-flames observed.

Simple hot-flame ignition, Run 24 and 38, Figures 45 and 46; simple hot-

flame followed by slow oxidation, Run 13 and 14, Figures 47 and 48;

multiple hot-flame, Run 10 and 25, Figures 49 and 50. Characteristic

pre-ignition reactions are found at lower temperatai3s. Runs 7 and 22,

Figures 51 and 52 are representative.

The pattern Cf ignitiorn xdereoes an unexpected change as the

temperature of the ignition chamber is increased. After a transitional

region of pseudo-hot-flame ignizions which are observed for the 0.2 and

0.1 mi. sample sizes (See Runs 16 and 33, Figures 53 and 54) and

energetic-pre-ignition reactions which are observed for the 0.05 ml.

series (See Run 39, Figure 55) rather typical ciol-flame ignitions are

found. Runs 17 and 41, Figures 56 and 57, are gooJ examples. At higher

temperatures hot-flames again appear. See Runs 19 and 34, Figures 58 and

59. The exact cause of this behavior cannot be determined from the

available data. However, the phenomenon is consistent with the supposition

that the sample undergocs decomposition or chemical rearrangement at

tem'aeratures auove JO deg. F. Lo produce a changed material which is

somewhat less flammable than the original.

The minimum temperatures required to produce h.-t-flame ignitions

of both classifications are plotted against sample sizes in Figure 60.

The minimum spontaneous ignition tempeiature (SIT)s is taken tc be the

minimum point in the lower of the two curves shown ki that Figure. It is

466 deg. F. The minimum temperature required to produce the reactior

represented by the upper curve is 608 deg. F. The reaction threshold for

the 0.2 ml. sample series; is 415 deg. F.

58
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TUIE VII

sAmP NmER Lm o67-49

SPONTANEOUS IGNITION TPEPRATRE

Needle A

1000 ml. cmaber - Iro:-Cwrtantan wermooa3le

TYPE OF REACTION

Run Sample Initial Max, Pre- Cool Hot Delay, Observations
Size, Temp., Rieam Igvl.tlon nlame Flawe See.
Mi. deg. F. deg. F.

1 0.2 415 1 X --

2 418 3 X --

3 42o 4 x --

4 424 4 x ..

5 431 4 x --

6 445 7 X -.

7 457 13 x --
8 470 186 x 125 Explosion

9 479 197 X 78 Orange flame
10 482 189 X 59 Orange flame, explosion

11 489 141 X 31 Orange flame, explosion

12 495 180 X 30 Orange flame, explosion
13 509 166 X 20 Orange flame

14 525 170 X 7 Orange flame

15 535 153 X 5 Orange flame
16 545 75 (x) n, 26 smoke

17 587 58 x 43
18 604 68 x 32
19 610 390 X 5 Orange flame, explosion
20 618 252 X 4 Orange flame

21 624 238 X 4 Orange flame

S9



SAMPLE NUwME ELo-67-42

SPONTANEOUS IGNITION TEMPERATURE

Needle A

1000 ml.. chamber - fron-Constantan Thermocouple

.TPE OF REACTION

Run Sample Initial Max. Pre- Cool Hot Delay, Observations
Siz',., Temp., Rise, Ignition Flame F Ame Sec.
m7.. deg. F. deg. F.

22 0.1 459 17 X

23 465 U1 x --
24 466 227 X 169 Orange flame

25 472 96 X 91 Orange flame

26 491 2 X --
27 525 36 X Ul0

28 535 49 X 54

29 550 59 X 48

30 565 60 X 50

31 578 58 X 49

32 595 80 (X) 39

33 605 70 (X) 6, 36
34 608 254 X 5 Orange flame, explosion
33 615 210 X 4 Orange flame, explosion

3u 619 236 X 5 Orange flame, explosion

R3 -5 465 12 x --
3 472 88 X 68 Orange flame

3 599 10 x1 9
4. 607 13 X1 9
4- 614 66 x 43

4. 62u 146 X 3 Orange flame

(X) Indicates transitional reaction witb apparent cocl-flame and bot-flame
characteristics.

".' indicate: energetic pre-ignition reaction.
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1.3.8 ELO-67-S$. See Table VIII and Figures 6! through 67.

Experiments made with sample sizes of 0.1, 0.2, 0.5 and 1.0 ml.

in a 1000 al. combustion chamber indicate the ignition of sample ELO-67-55

proceeds directly from the pre-igniticn stage to hot-flames. No cool-

flame ignitions were observed in any instance. Both pre-ignitizn and hot-

flawe reactions were found to be typical. No complications were observed.

km 7, 31 and 42, Figures 61, 62 and 63, are illustrative of the pre-

ignition reactions. Rans 11, 36 and 47, Figures 64, 65 and 66, are examples

of the hot-flm ignitions.

The aLnimna spontaneous ignition temperature of the sample,

(SIT), Vwas found to be 730 deg. F. See Figure 67. The reaction

threshold for the 0.2 al. sample series was 520 deg. F.

1.4 Summary_:

The results of the evaluations of the spontaneous ignition

properties of the eight samples studied in the current reporting period

ar* sum--' 4ed in Table IX. The minimm spontaneous ignition temperatures

found variet: from 455' to 100S deg. F. Hot-flame reactions were observed

in every ca.e. The reaction thresholds ranged from 415 to 833 deg. F.

2. DIFFEPENTIAL THERMAL ANALYSIS

2.1 Introduction:

The use of differential thermal analysis (UTA) for the investigation

of the processes involved in the therm! and oxidative degratiation of organic

fluid systems including experimental lubricants and hydraulic fluid systems

has been discussed previously. (References 1. 2, 3, 4. S). The e"cts of

"etallic and non metallic catalysts on the decomposition of- such systems have

also been described (References 4, 5). In the present %ork the effects of

several metal oxide catalysts on the deconposition of two samples have been

studied in both nitrogen and air atmospheres. In addition, the thersal and

oxidative degradaticn of six other samples have been investigated.

I -
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01 dee,..

1 1.0 7??7
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3 7f; 175 X ' conje fl-3me, exnlosioo
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7
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SAMPLE NUZ! E.O--7-52

!>-41e A

1000 ml. cba.oter - Ircrn-Constant n Thermamople

Tv.PE CF REW.&'T14

Size, Temn.p 1Piýe, 1,,mitiou F13me 171,..e Sec.
Mi. dc,,.* F. de;. F._

26 0.2 673 2X

2c7r-5 13 x

30 T17 -X

735 14X

2 749 Ux

33 7355 P20 x Orane fLe q.hi.

75. X * r~ ekn, f1-jz: xjlý;
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TABLE TX

SPOANEOUS IGNITION SUMM4ARY

SAMPLE NUMBER REACTION Thl18SHOLD, DOG. F. MINIMUM SPONTANEOUS IGNITION
TEMPEATURE (SIT)s, DEG. F.

L __ _1000 ml. chamber

MLO-64-4 423 670

MLuL.64-5 421 455

ELo-66-51 833 1002

ELo-66-109 •51 650

ELo-67-16 413 65o

ELO(-ý7-23 420 471

ELO- '1

80



" ~~ELO-67-55

0 RUN 7 2•o

SS
i ip

i° s cI ___ ___ ___ ___ _ -

S1 ISTART

i ..... O

0 0

IdI

I.

FIGURE 61. ELO-67-SS. SPONTA.'TfOUS I GNITIOS TE.WERATURE. RIJN 7

81

I

I . ..... .... -. .. .... . ....



4- P

Ui

00

y-

040 06 00

ini

•Z u

-1i '0

I 9U.

SI 2

i 82

4•J ••#VtSJ Pl e)I

S... ... .... ..... .. ...... - 4



*-*..RUN 420

'100 SE1

FIGUM 63. ELO-67..$S. S ONrAIEOUS IQNITIQN ThCPERA1M. RW4 42.

83



II

ELO-67-55
So RUNII o

00

100 SEC

START

0 782 0

S= 1,

FIGUQE 64. EL0-674S. SPONTANEOUS IGNITION T.WERATUR. RUN 11.

84

I!



ELO-67-55 I
0 RUN 36 -

-1 ST- --

o o

I q

- 4 4 -..- _ - __....

o._ _ ___ _

FIGUItE 6S. EL047-SS. SPONTAmEous IGNITION T PERATURE. RUN 36.

as

o _ _ _ _ _ _

m. . ... . ....... •.... ... - ... *...... .. ..- ,



ELO -67- 55 __

2 RUN 47-

-ýAT 80"F

005

FIGQill 66. ELO-67-SS. SPOTAi4EOUS 10IQENtIQK 1tMRAT'J-E. RUN 47.



800[ ELO-67-55

IL:
0

0: 780-
w

z
0 760-

740

720 - 11
0.0 0.2 0.4 0.6 0.8 1[0

SAMPLE SIZE~mI.

FIGURE 67. ELO-67-SS. X(INJ)W. SPOTN'iEOUS IGNITICNi ThEWEATURE.



sI

2.2 Apparatus mad Procedure:

The apparatus and procedures used in these studies are the same

as those which have been desc.ribed in detail in the previous reports in

this series. (References 1, 2, 3, 4, 5). The matched thermocouple

assemblies and temperature programing system are those illustrated in

Reference 4.

Borosilicate glass microbeads (170-230 mesh) have been used as

the DTA reference standard. The microbeads have, in addition, been

added to the sample side of the DTA cell in order co equalize the heat

cappcities and the thermal conductivities of the sample and reference

sides. Instrumental blanks which illustrate the net thermal balance of

the several different measuring thermocouples and the DTA system itself

are shown in Figures 68, 69, 70, 71, 72 and 95. For measurements in which

catalytic agents have been used UTA reference blanks of mixtures containing

10% by weight of each catalyst with borosilicate glass microbeads have

also been run. (cf. Figures 73, 74, 83 and 84 which appear in Sections

2.3.1.1 and 2.3.1.4) Similar mixtures of 10% caLalyst with cicrobeads

have been added to various samples to study the effects of the catalysts

on the degradation of the samples.

The data obtained in these studies are described and interpreted

in the following text. A comment is required with regard to those

expet'iments which involve potential catalysis. Mmy effects which have

been attributed to the action of added substances have been categorizei

under the generic term "catalysis". True catalysis may or nay not be

involved. For example, it may be that in some cases an effect say be

the result of a corrosion-like process leading to the forotstion of complex

or higher oxides from the simple oxides initially employed. UTA alone do~s

not distinguish between such ;-cactions and purely catalytic interactions in

the accepted sense of the word.

.a the thermogram presented on the following pages the ordinate

represents temperature difference in micrmvolts as wasured by iron-

constantan thermocouples. A.n arrow in the key to *ach thermtra.,ý sndicates

the cndotheraic Airection of each ordinate. The length of the arrows

supplies the voltage scale to be applied to tic ordinate. In order to

il3
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convert temperature differences veasured in microvolts to degrees Fahrenheit

it is necessary to consult the appropriate conversion tables. No constant

factor can be used since the voltage response of the the_-rocouples is not

the same at various temperatures but varies from point to point over the

range of temperatures encountered during a DTA run. Temperature measured

in degrees Fahrenheit is recorded on the abscissa. The scale is nearly

linear. Small departures from linearity may occur from time to time.

These reflect the fact that, in some instances, the temperature of the

interior of the DTA cell does not always track exactly the linear program

called for by the temperature programing control system.

In the lower left-hand corner of each thermogram may be found a

notation which identifies the thermocoupl*-pair used for the measurements

displayed thereon. Where applicable the use of baseline compensation is

also noted in the same location. Comparison of sample thermogram to the

appropriate instrumental and reference blanks is thus facilitated.

2.3 xperimental Data:

2.3.1 Thermal and Oxiiative degrradation in the presence of metal

oxide catalysts.

The application of DTA to the study of lubricant systems in the

presence of various metal catalystF has been discussed in detail in a,

earlier report ',Reference 5). In that work DTA was emplyed for the

investigation of the .hermal decomposition and oxidation of two sam'les,

MLC-64-8 and EY.C-6S-48, in the presence of fifteen different metals and

several types of activated and unactivated carbon and molecular sieve.

The effects due to the presence of these various substances were clearly

demonstrated by UTA. Several of these materials, notably the activated

carbons, were found to exert profotmd catalytic influences upon the

degradation of the samples.

In the course of the preceeding experiments it was noted that

some of the metals did not behave as expected under DTA in the presenc.e

of the samples. Of particular importance were the findings that copper

was inactive in the presence of ELO-6S-48 and that titanium had little

influence on the decomposition of MLO-64-8 in 3ir. Since these findinr-

94

ii



were somewhat at odds with data obtained from oxidation and corrosion

testing (Reference 6), it was felt that additional studies were needed

to elucidate the roles played by these metals in the thermal and oxidative

degradation of the two lubricant systems. In the earlier studies the

metals used for catalysts were al. reagent grade powders. Since in

practice such powders are often coated with a layer of their oxides, it

was decided to determine whether the various metal oxides might be more

active with respect to the samples than the pure metals themselves. In

the present study thermograms of mixtures of W.0-64-8 and of ELO-65-48

with oxides of iron, titanium and copper have been run and the results

compared with those previously obtained for mixtures with the corresponding

pure metals. Reagent grade oxides have been used for all determinations.

In the case of cuprous oxide a stablizer is customarily present even in

the reagent grade chemical to prevent oyidation to the cupric oxide. This

agent was removed prior to the use of cuprous oxide in these studies.

2.3.1.1 Blank. Pyrex Microbeads plus Metal Oxide Catalysts.

Nitrogen Atmosphere. Thermocouple Pair T-7.

9.2*F./Min. Scan Rate. See Figures 73 and 74.

Thermograms run for mixtures of pyrex microbeads plus iron,

titanium and copper oxides were found to contain no important features

not contained in blank runs made for the thermocouple pair used.

2.3.1.2 ?LO-64-8. Pyrex Nticrobeads plus Metal Oxide Catalysts.

Nitrogen Atmosphere. 1termocoul-le Pair T-7.

9.2*F./Min. Scan Rate. See Figures 75, 76, 77 and 78 and Table X.

The run made with pure iron catalyst indicated a moderate degree

of activity of iron with respect to the sample. The thermogram displays

only a relatively small amount of exothermic reactivity above and bevond

that seen in the thermogram of the pure sample. In comparison the thermogram

run for iron oxide is completely different. The familiar twin decomposition

peaks of the pure sample are no longer present and in their place is a single

large exotherm occurring at a niuch lower temperature. A similar phenotrenon'

is observed in the thermograms of mixtures of tne sample with cuprous oxide

and pure copper. Cupric oxide, on the other hand, appears ;o be essentially
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if TABLE Xý

DIFFRENTIAL THERMAL ANALYSIS: mLo-64-8 PLUS
EThAL OXDE CATALYSTS IN NITRGEN ATMOSPHE

(5.1 ATM. TOTAL PRESSURE)

ATALYST FIGURE ENDOTH1RMS, EXOTHERMS,
DM. F.* DE)G. F.*

Catalyst " 75 917 964' 995'

iron Oxide 76 800 938!! 958Fe203 )

ron 78 908 923 968' 990'

itanium Dioxide 76 .866h' 925! 968[.,
0To2 )

,'itanium 78 595 (810) 893 965' 993! 1014!

rous Oxide 77 800 357 955!!Cu20)

upric Ovide 77 964'1 984!
-,o)

per 78 894 967!

Those thermal effects which may be attributed solely to the reactions
cf the catalysts have not been included in this tabulation.

Key to symbols :

( )toweak thermal effect

strong thermal effect

very strong thermal effect
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inactive; its mixtures lead to thermograms which are essentially identical

with those obtained for the sample alone. Titanium dioxide appears much

more active under the nitrogen atmosphere than does metallic titanium itself.

The principal effect produced by pure titanium was the enhancement of the

decomposition of sample residues left after the initial decomposition. In

that case a pair of exothermic peaks at 965 and 993 deg. F. were followed

by an extremely intense exotherm at 1014 deg. F. In the case of titanium

dioxide a different situation is found. The characteristic pair of exotherms

is absent and a single strong exotherm at 968 deg. F. is preceded by a broad

thermal decomposition peak which occurs after 864 deg. F.

2.3.1.3 ELO-65-48. Pyrex Microbeads plus Metal Oxide Catalysts.

Nitrogen Atmosphere. Thermocouple Pair T-7.

9.2*F./Min. Scan Rate. See Figures 79, 80, 81 and 82 and Table XI.

The thermogram for pure ELO-65-48 exhibits a stron- --oiling endotherm

with a peak at 852 deg. F. A similar feature appears in the thermograms run

with added iron, copper and titanium powders. It occurs at virtually the

same temperature in each case. The endotherm in the thermogram for the iron

mixture is a single peak like that for the pure sample; those for the copper

and titanium mixtures are slightly split at the maximum. Only in the case

of titanium is any decomposition evident. There it is seen mainly as a

roughness which appears in the thermogram at temperatures above the boiling

point of the sample. While the metals themselves seem to have only a small

effect on the decomposition of the sample under nitrogen, inspection of

Figures 80 and 81 reveals that a different situation prevails with respect

to the oxide mixtures. In the presence of iron oxide a pronounced boiling

endotherm is present; however, its maximum occurs at a temperature much lower

than that of the boiling endotherm for the pure sample. The truncated

appearance of the peak suggests that a strong exothermic reaction, presumably

decomposition, also occurs at temperatures well below the boiling point. A

like phenomenon is seen in the run made for titanium dioxide where the boiling

peak has virtually been cancelled by the heat effect due to the simultaneous

decomposition. Small boiling endotherms are observed for mixtures with cuprous

and cupric oxide. These are displaced toward lower temperatures and reduced

in magnitu e as a result of decomposition. Cupric oxide seems less active in

this regard than iron oxide, cuprous oxide or titanium dioxide.
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PIFFUE".'rIAI THMIMAL, UALYSIS: ELC-65-J42 PLUS
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2.3.1.4 Blank. 'yrex Microbeads plus Metal Oxide Catalysts.

Air Atmosphere. Thermocouple Pair T-7.

9.21F./Min. Scan Rate. See Figures 83 and 84.

The thermograms of four metal oxide-micrcbcad mixtures run in air

are essentially the sam as those determined for the same oxides under

nitrogen. There is, however, one exception: In the thermogram for cupric

oxide a small, sharp exotherm occurs at 414 deg. F. in an air atmosphere.

A like effect is not observed under nitrogen. The blank run for iron oxide

was terminated at approximately 840 deg. F. by a thermocouple failure. The

broken line in Figure 83 is an approximation of what the remainder of the

thermogram would be iad it been run.

2.3.1.5 MLO-64-8. Pyrex Microbeads plus Metal Oxide Catalysts.

Air Atmosphere. Thermocouple Pair T-7.

9.2"F./Min. Scan Rate. See Figures 85, 86, 87 and 88 and Table XII.

In air iron powder was found to affect mainly the decomposition

of residues left after the initial breakdown of the sample. Iron oxide (Fe 203 )

is more active. The thermogram obtained in air is different frtm that for

either the pure sample or the mixture of the sample with iron powder. In

general the pattern of decomposition in the presence of iron oxide in air is

similar to that found previously for the same system under ; nitrogen

NIAO-b4--S in air. The oxide, in Contrz'st, piod,.ceii zeit •gidaý,ien ifl tile

sample and its resid-.xes at temperatures well below thos5e it which deco~osition

had previously been detected. Both oxides of copper also exhibit increased

activity in air over that found in nitrogen. Cuprous oxide increases

decomposition of sample residues at about 1090 deg. F. in addition to the

enhancement of the earlier decomposition-an affect which was also observed

in nitroicn. In the nitrogen atmosphere cupric oxide seemed fairly inert.

In air its activity parallels that of cuprous oxide. That is, the

decomposition exotherr appearing at about 960 deg. F. is gieatly intensified

and a new exothera at 979 deg. F. is produced. Although :hese occur at

temperatures approximately the sawe as th-se at which exotherms were also

observed for the pure sample and for mixt ires of the ample %ith copper.
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TABLE XlI

DIFFERENTIAL THRMAL ANALYSIS: 14LO-64-0 PLUS
MAL OXIDE CATALYSTS IN AIR AMESPHE

(5.1ATM.TOTAL PRESSURE)

CATALYST FIG1-•E EXOTLraW, DEG. F.*

:•Catalyst S5 Ob" 551 o9..2.

Lcri Ocide 3, (742) 17C ,•,43!! 95§
(Fe0o 3 )

Ironln: 742 960' .177'! '",

Ci .anixa Dioxide , (05c) 1c.''! )54!! 1602
(0o 2 )

Titanium (765) cq7 95,' 5979! (1050)

Cup~rous Oxide 07 (q1 3 ) 'C 9cm 20)

Q,..r' c Oxide (A3)

nmiose thermal effects which cn!. o- attributed solely to the reactions
uf the catalysta have not been incluac-- in this tabulation.

Kej tc s).'abols:

weak thermai ei'Ject

strong thermal e::ect

': very tron. therna.'o c:ect
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their configuration and relative intensities suggest that they are the result

of different reactions rather than the same reactions in which thermal effects

are amplified by the adsorption-retention effect observed for molecular sieve

and some non-activated carbcn powders.

2.3.1.6 ELO-65-48. Pyrex Microbeads plus Metal Oxide Catalysts.

Air Atuisphere. Thermocouple Pair T-7.

9.2°F./Min. Scan Rate. See Figures 85, 89, 90 =nd 91 and Table XIII.

Each of the metal oxide catalysts studi ed exhibits considerable

activity with respect to ELO-65-48 in air atmosphere. In nitrogen the

decomposition of the sample was afifected to an uxtent such that the prominent

boiling endotherm was weakened considerably by the simultaneous occurrence of

an exothermic decomposition. In air the same phenomenon occurs to a greater

degree. Only in the run made with added iron oxide does any evidence whatever

of the boiling endotherm remain, Decomposition of residues left at temperatures

above that of the absent or reduced boiling endotherm is especially noticeable

in each case. Similar exotherms appear also in the thermograms for mixtures

of the sample with pure iron and titanium but are absent from the' thermogram

for the copp.!r mixture.

2.3.2 Comparison of DTA and Oxidative-Corrosion Studies.

Examination of the data in Section 2.3.1 reveals that the effects of

metal oxides on both the thermal and oxidative decomposition of samples

MLO-64-8 and ELO-65-48 are very different from those produced by the

corresponding metals. In general the oxides appear to be much more active

with respect to the enhancement of existing w-compositior, processes and with

respect to the opening of new pathways by which the degradation process may

occur. The systems comprising ML0-64-8 in admixture with titanium and titanium

dioxide in both air and nitrogen are especially noteworthy examples of this

phenomenon.

Since under the conditions of differential thermal analysis titanium

metal was found to be relatively inactive by co,.iparison with its oxide the

following experiments were conducted in order to determine whether a similar

situation zxisted under the conditions cf the ýorrosion and oxidation test.



T.ELE XI I I

DIFFERENTIAL THEMPJ. ANALYSIS: ELO-65-49 PLUS
METAL OXIDE CATALYSTS IN AIR ATMOSPH1E
(.5.1. ATM. TOTAL PRESSURE)

CATALYST FIGURE ENDOTHERMS, DEG. F.* E.(OTHERMS DEG. F.*

No Catalyst 85 670 837. 870

Iron Oxide 89 775 809 854 947 i08111'
(Fe 2° 3 )

Iron 91 (664) 727 834' 842: 902 1034.' .

Titanium Dioxide 89 (832) 863 989 10OO 10O07!!
(T02 )

Titanium 831! 964 974.' '

Cuprous Oxide 50 6o9 892 985

Cupric Oxide 656 098 977

(CUO)

Copper 721 1032 :'42' 862

'Those thermsa et facts which may be attributed solely to the reactions
of the catelysts have not been included in this tabulation.

Key tc symbols:

( ) we?> thermal effect

-tron< thermal effect

.'. very 3trong thermal effect
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Standard micro corrosion and oxidation tests were run in duplicate on

I ML0-64-8 using two different titanium alloys. Upon completion of the

above evaluations the exposed oils were analyzed in the prescribed manner

and the alloy specimens weighed. Each alloy specimen was then placed

without additional polishing into a fresh portion of the test oil and

exposed again under the conditions of the micro corrosion-oxidation

test. The data obtained from these experiments are given in Tables XIV

and XV. Duplicate runs using the standard procedure are shown under the

column headed "Polished Specimen"; the second series of measurements are

found under the heading, "Pre-exposed Specimen".

It is clear that somewhat different corrosion and oxidation results

are obtained dependink on the mode of preparation of the alloy test piece.

However, because of the disastrous nature of the decomposition of MLO-64-8

in the presence of either of the two alloys used, it is felt that the

available data do not permit any distinction to be made between the stability

of the fluid in the presence of a freshly polished titanium alloy test pieces

and the stability in the presence of alloy test pieces subjected to the

corrosive actioa of the fluid before the test exposur.. Probably the test

pieces corrode so rapidly in the presence of the sample that in either case

the net effect of the specimen on the bulk or the bulk oil sample is nearly

the same as that found for the pre-exposed test pieces.

Similar ,:orrosion and oxidation studies with copper, iron, steel or

pure titaniLm specimens might prove to be more enlightening than the above

measurements have been. Such studies could not be performed during the

present reporting period due to shortage of the test fluid. It is •xpected

that further investigations of this nature will be included in future work.

2.7.3 Experimental Lubricants:

2.3.3.1 ELO-67-13. Nitrogen Atmosphere. Thermocouple Pair T-lO-

compensated. 9.2 0 F./Min. Scan Rate. See Figure 92.

The thermograms of the sample were run under nitrogen at 1.0 and

5.1 atm. total pressure Virtually identical results were obtained at each

piessure. T'e main features of each thermogram are strongly exothermic. A

very strong exotherm is found at 357 to 358 deg. F. A second, exotherm
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which occurs at a slightly higher temperature 4100 to 412 deg. F. - is

weaker than the first, but must still be classified as a very strong effect.

At 1.0 atm. a weak exotherm is seen at 299 deg. F. as well. Apparent thermal

effects which occur after the main exotherms have not been classified because

the degradation of the sample at lower temperatures seems to have been so

complete that any such evaluation would be meaningless. On the basis of the

DTA data it oust be concluded that the sample is highly unstable even in an

inert atmosphere.

2.3.3.2 ELO-67-13. Air Atmosphere. Thermocouple Pair T-11 and T-1!-

compensated. 9.2°F./Min. Scan Rate. See Figures 93, 94 and 95.

The thermograms of the sample were run in an air atmosphere under

total pressures of 1.0, 5.1 and 50.0 atm. The data obtained at all pressures

are substantially identical and, indeed, are the same as those obtained for

the runs made under nitrogen. A very strong exotherm in the region 3530 to

370 deg. F. is followed by a weaker but still prominent effect at 4090 to

412 deg. F. These data arc shown in Figures 93 and 94. For ease in

reference the instrumental blank for the 50.0 atm. run is shown in Figure 95.

The stability of the sample in air is completely comparable to that observed

under nitrogen.

2.3.3.3 ELA-67-32. Nitrogen Atmosphere. Thermocouple Pair T-10-

compensated. 9.2 0 F./Min. Scan Rate. See Figure 96.

At 1 0 atm. sharp, intense endotherms are observed at 288' and

417 deg. F. A broad endotherm between 8270 and 938 deg. F. with peak at

898 deg. F. is also seen. At 5.1 atm. the only significant feature is the

intense endotherm at 297 deg. F. which corresponds tj the one observed at

288 deg. F. at 1.0 atm. The large exothermic shift seen after 600 deg. F.

is not due to the sample but reflects a change in the thermocouple matching

at that temperature. (See Figure 71) The sharp endotherm at 417 deg. F.

and the broad endotherm between 827° and 938 deg. F. which are seen only in

the run made at 1.0 atm. are due to the boiling of various sample components.

Possibly some decomposition occurs at the same time as the initial boiling

so that the latter effect reflects only the slow volatilization of sample

residues. It is also possible that the sample contains a volatile and
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relatively non-volatile constituents boiling at widely separated temperatures.

The endotherms which are observed at 2880 and 297 deg. F. respectively are

due presumably to the melting of the sample. The pressure dependence of the

effect, however, is unusually large for a transition such as melting. The

explanation for this is not clear. However, other pressure dependent-phase

changes in addition to melting m~y occur at the same time. Alternatively

the melting process may simply have an unusually large pressure coefficient.

2.3.3.4 ELA-67-32. Air Atmosphere. Thermocouple Pair T-8.

9.2 0 F./Min. Scan Rate. See Figure 97.

The thermogram obtained for sample ELA-67-32 under an air atmosphere

is in many respects very similar to that obtained for the same material under

nitrogen. Melting endotherm3 are found at 2850 and 297 deg. F. respectively

for the 1.0 and 5.1 atm. runs. At 1.0 atm. two boiling endotherms appear at

423 den. F. and between 7680 and 924 deg. F. with a peak at 857 deg. F. The

principal difference between the runs made in .ir and in nitrogen lies in

the fact that in the thermogram for air atmosphere an exothermic effect

begins aL 506 deg. F. and reaches a maximum at 547 deg. F. This effect is

seen only in the run made at 5.1 atm. Presumably the oxi4ation which the

exotherm reflects is that of a volatile fraction which boils at 423 deg. F.

at 1.0 atm. and which at that pressure is lost to the system before oxidation

can be detected in the condensed phase in contact with the differential

thermocouple.

2.3.3.S ELA-67-33. Nitrcgen Atmosphere. Thermocouple Pair T-.10-

compensated. 9.2*F./Mir. Scan Rate. See Figure 98.

At 1.0 atm. the thermogram of the samplke xhibits a sharp, intense

endotherm wita peak at 328 deg. F. A similar peak is also seen at 324 deg. r.
for the run made at 5.1 atz. total pressure. These endotheras are produced

by the fusion of the sample. At 1.0 azm. the slope of the thermogram assumes

an endothermic trend after 7b7 deg. F. Thi: endotherm is due to evaporation

and leads into a .ajor endotheraic boiling peak with maximum at 847 deg. V.

The boiling peak is quite symmetric. There is no evidence of decomposition

during the boiling process at 1.0 atm. A slightly different situation is

observed at 5.1 atm. The suppression of both evaporation and boiling at !!.e
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increased pressure are quite pronounced. The onsot of evaporation is first

detected at 883 deg. F. A boiling peak of moderate intensity follows at

935 deg. F. A small exotherm at 995 deg. F. may reflect the decomposition

of residues left over after completion of boiling. The sample appears to

be quite stable over a wide range of temperature in a nitrogen atmosphere.

2.3.3.6 ELA-67-33. Air Atmosphere. ThermocoupAe Pair T-8.

9.2'F./l4n. Scan Rate. See Figure 99.

The main features of the thermogram for ELA-67-33 in air are

similar to those ob3erved for the material under nitrogen. Intense, sharp
melting endotherms are found at 325 deg. F. for the runs made at 1.0 and

5.1 atm. At 1.0 atm. evaporation endotherm begins at 715 deg. F. and leads

into a strong, symmetrical boiling endotherm at 843 deg. F. A small

exotherm at 914 deg. F. suggests the decomposition of residues left after

the boiling cc the sample. At 5.1 atm. the boiling endotherm at 947 deg. F.

is preceded by a moderate decomposition exntherm which begins at 806 deg. F.

and reaches its maximum at 882 deg. F. A small exotherm at 988 deg. F.again

suggests the further decomposition of sample residues. The presence of air

apparently leads to an oxidative degradation after 806 deg. F. which does

not appear in the oxygen-free system. While the relative stability of the

sample in an air atuosphere is les-i than it is in nitrogen, the material is

obviously still quite stable.

2.3.3.7 2LA-67-34. Nitrogen Atmosphere. Thermocotple Pair T-8.

9.2"F./V4n. Scan Rate. See Figures 100 and 101.

The sample was found to be extremely viscous and tacky. For this

reascn it was extremely difficult to load the sample into the DTA zell

in a proper ammer so as to achieve good thermal contact between the s3mple

and the measuring thermocouples. - a result the repeatability of the DTA runs

was poor. Indeed. it is felt that mumy of the features observed in the severa!

thzermograms rtflect movement of the samp.le and changing degree of contact

between the sample and thermocou.4l,.. This is particularly true of the many

short-term periodic tluctuitions o"'erved in the runs made at 1.0 atm.

Several runs were ma& at each presi, ý-e. 1l1 data are presented in Figures lOv

and 101 to enablr , ader to grasr tbe general pattern of the decomposition
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and the other processes which affect the DTA runs.

Motion of the sample in the DTA cell occurs whea the liquid layer

is pushed upward under the influence of the pressk;-:e of sample vapors and/or

entzapped air. An increment of ý,amole is pushed upward by the vapors until

the liquid film breaks. At that point the liquil flows back to the lower

regions of the sample container and the process is repeated. The repression

of sample vaporization at higher pressures causes a "arked reduction in such

oscille:ion of the sample level.

At 1.0 atm. au -•nrease in oscillation occurs after 620 deg. F.

One may conclude as a consequence that sample vaporization increased

markedly when that temperature was reached. Additional change3 are observed

in the 848' to 885 deg: F. region - either change in slope or degree and

nature of sample oscillation. This may indicate further changes in the

character of the sample. At 5.1 atm. volatilization induced processes in

the 620 deg. F. region are not observed. Rather smooth thermograms without

proncunced oscillations are obtained. A rather slight exothermic break

occurs in the 8300 to 875 deg. F. region. On the basis of the foregoing

the following general conclusions can be reached: 1) Sample volatilization

becomes important above 620 deg. F. and continues over a wide range of

temperatures. 2) Deco,ýpositicn of sample and/or sample residues occur

above 800 deg. F.

2.3.3.8 ELO-67-45. Nitrogen Atmosphere. Thermocouple Pair T-11.

9.2°F./Min. Scan Rate. See Figure 102.

The samrle is comparatively low boiling. At 1.0 atm. an intense

boiling endotherm at 417 deg. F. is preceded by a boiling endotherm at

406 deg. F. A slight exotherm is observed at temperatures below the boiling

point at 397 deg. F. A similar peak also occurs after the boiling endotherm

at 523 deg. F. After 523 deg F. the trend of the thermogram is endothermic.

Peaks occur at 7150 and 772 deg. F. These are due to the evaporaticn and

boiling of heavier components or residues from earlier decomposition. At

5.1 atm. the main boiling endotherm is shifted to 509 deg. F. A small

satýllite peak is sccn at 537 deg. F. A broad, weak exotherm precedes the

boiling peak. It begins at 350 deg. F. and reaches its maximum at 410 deg. F.
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After the boiling peak a small exotherm at 611 deg. F. is suggestive of a

decomposition reaction. At 5.1 atm. the endotherms which occur after

523 deg. F. at 1.0 atm. are completely suppressed.

2.3.3.9 ELO-67-45. Air Atmosphere. Thermocouple Pair T-8.

9.2*F./Min. Scan Rate. See Figure 103.
The thermogram for sample ELO-67-45 in air is cuite similar to

that obtained in a nitrogen atmosphere. One of the main differences is

that at 1.0 atm. a slight periodic instability is obseir-ed to begin at

371 deg. F. just before the main boiling endotherm at 417 deg. F. A

second periodic instability, more pronounced than the first, occurs between

4430 and 775 deg. F. The former effect is probably due to sample motion

produced by the rapid evaporation of the sample. However, the latter effect

may be the result nf uny one of several causes. These include: motion of

sample residues under the influence of their own vapor pressures; refluxing

of the more volatile components of sample residues; rapid degradation of

sample residues to produce small amounts of volatile materials which are

rapidly lost in the manner which is commonly observed for silicones; and

the return and rapid re-evaporation of major components originally lost

beloo 435 deg. F. These pressure dependent processes are suppressed at

5.1 atm. At that pressure evaporation endotherms which occur between 4100

and 500 deg. F. are followed by a strong boiling endotherm at 522 deg. F.

A small endotherm at 720 deg. F. probably corresponds to the endotherm seen

at 775 deg. F. in the ran made at 1.0 atm. under air and at 772 deg. F. in

the run made at 1.0 atm. under nitrogen. The most probable effect of the

presence of air is to produce an oxidation reaction which leads to the

evolution of small amounts of volatile components whose presence is marked

by the periodic instability recorded between 4430 and 775 deg. F. at 1.0 atm.

2.3.3.10 ELO-67-51. Nitrogen Atmosphere. Thermocouple Pair T-10-

compensated. 9.2*F./Min, Scan Rate. See Figure 104.

At 1.0 atm. the thermogram of the sample exhibits a weak endothermic

drift between 7080 and 787 deg. F. which is the result of evaporation of the

sample. After 787 deg. F. an intense boiling endotherm with peak at 805 deg. F.

is seen. Satellite boiling peaks occur at 8530 and 865 dog. F. These are

followed by a weak exotherm at 878 deg, F. which may reflect the decomposition
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of sample residues. At 5.1 atm. the evaporation and boiling endotherms are

much weaker. The onset of evaporation is observed at 790 deg. F; the boiling

endotherm, at 897 deg. F. At temperatures up to and including the hoiling

point at 5.1 atm. the sample appears to be quite stable.

2.3.3.11 ELO-67-51. Air Atmosphere. Thermocouple Pair T-10-compensated.

9.2*F./Min. Scan Rate. See Figure 105.

in air the decomposition of ELO-67-Si appears to follow very much

the same pattern as that observed to occur under nitrogen. At 1.0 atm.

while a small endotherm is observiJ at 613 deg. F. evaporat:'on probably

does not produce a measurable endotherm until 754 deg. F. Thi; continues

until 792 deg. F. which marks the beginning of the main boi'ing en-ot:ierm

with peak at 810 deg. F. A small endotherm is also seen at 923 deg. F.

At 5.1 atm. evaporation begins at 813 deg. F. and continues until a maximum

is reached at the boiling temperature 916 deg. F. A weak exotherm at

877 deg. F. probably is the result of the same process that produced a

similar peak at 878 deg. F. under nitrogen at 1.0 atm. This decomposition

is probably so minor that its weak exotherm is not always sufficiently

strong to be detected. No significant features are seen in the thermograp

of the sample in air that are not also seen in the thereogram made under a

nitrogen atmosphere.

2.4 Conclusion:

Frequent thermocouple failure was experienced during the differential

therm21 analysis of samples ELO-67-13, EL0-67-4S and ELO-67-5l. In every

case f.iilure was i',nd to be due to a corrosiv-e penetration of the stainless

steel thermocomplt sheath. Sample ELO-67-13 seemed tc be a particulai-ly bad

offender during OT.A studies made at 50.0 atmospheres pressure. Pres-Amably

this effect was due to the fact that at that pressure the corrosive anterial

w-s kept in contact with the therwocouple sheath for a longer tie befor,

t.eintg ev•porated from the test system. Seccase of the high rate of

thermocouple failure which wAs encountered with these saples studies a*

0.) a,,. were discantýnue4.
Studies now in ptgress to be reported in future reports an this

series comprise investigation of the thermal and oxidative 4egradation of

fluids in the presence of metal oxides other than Fe,'3 Ti0., Cu.-5 -nd OO.

143



400

w 44

cc_ I.



3. THERMAL STABILITY:

3.1 Introduction:

Two principal techniques are currently in comuon use for the

evaluation of the thermal stability of fluids and lubricants. Both are

variants of sealod-tube methods which have been widely used over the years

for this purpose. In each case the volatile decomposition products produced

by decomposition are retained in the system so as to remain in continuous

contact with fluid being examined.

In one method the sample is placed in a borosilicate glass cell,

drie.ý and degassed by agitation under vacuum at elevated temperature, aid

sealed. The sealed tube and sample are then exposed at a selected

temperature for a designated time. After exposure, the samole is cooled,

removed from the tube and examined for changes in its properties. No metals

or c .alysts are used. The procedure for this test is described in Method

2"' 1 of Federal Test Method Standard 791a. The usual exposure is 24 hours

at SO0 deg. F. These conditions are the same as those specified in Military

Specification MIL-L-23699A for Lubricating Oil, Aircraft TLrbine Engines,

Synthetic Base. Other conditions are possible of course. The only limitation

is the stability of the fluids under study and the strvngth of the glass tube.

Both the stability of the sample and the -trength ot the tube decrease

significantly at temperatures above 500 deg. F. In many cases useful

sample stability can be maintained at tesperatures above 500 deg. F_

However, the strength of the glass at that temperature is such to render

such measurements fairly dangerous. Another factor of importance with respect

to safety is that ester-based fluids as well as various other typcs can be

hydrolytically unstable at very high temperatures. The presexrce of slight

traces of water in such materials can lead to excessively high decomposition

pressures which say rupture the sample tube with catastrophiti results.

The second type of thermal stability- casurent 0.- tChat described

in 4ilitary Specification MIL-H-,4T701A. Hydraulic Vlui;. Petrolet' Base. Hish

Temperatuie, Flight Vehicle. The stainless steel tea' botb fpecifiý-4 .0 that

method has far greater strength than the glass re.action tube described sbov-.

Sla*5



For this reason operation at higher temperatures and the use of metal

catalysts are safe as well as practical. Provision is made for the use of

a pressure gauge with this test cell. In the standard apparatus msed in the

present investigations an additional modification has been introduced to

protect against excessively high pressures which may tomtiaes be encoumtered

in the evaluation of unknown experimental system. This comprises a safety

head with rupture disc with appropriate bursting characteristics to guard

both the test bomb and associated instrumentation used in the system against

pressure overloads.

Evaluation of thermaJ stability by the method of MIL-H-27601A is

customarily accomplished by the determination of changes in fluid viscosity

and acidity and catalyst weight loss or gain as a result of expusure. There

are no current requirements in effect which limit the pressure developed as

a result of the decomposition of the sample. However, the decoupositien

pressure produced in the standard apparatus can be monitored. This requires

the taking of multiple gauge readings. That procedure is both inconvenient

and unsatisfactory in that those changes in ;messure which are due to the

rapid breakdown of the sample after an initial inductiost period nay not be

detected until long after they have occurred. It is the purpose of the

present series :f wasursments to investigato the decomposition pressur-a

phenomenon as it relates to thermal stability. For this purpose an

instrumented test cell has been designed to permit the continuous recording

of pressure within the systcm.

3.2 Apparatus and Procedures:

I The standard RIL-0-27601A thermal stability test cell has been
aodtf ied by the substitution of a tonded strain gsuge pressure tran3ducer

for the pressure gauge. As stated above, the cell and pressure element are

protected by a safety head aAd rupture disc. The configuration of the system

Th aS Safe ' ty M1ad Manufactured by Ilack. Sivalls and Bryson, Inc.,
KaErasCity, Missouri. has been kfund to be satisfactory.

A 4Doel 211 .prssure. tr"nsducer with appropriate adapter mawafactured
by Nowood Division of Arican StandaWd. Munrovia, California, has
been found satisfactory.

II-



has bren adjusted to minimize entrapment of overhead condensate and to permit

such condensate to return to the sample bomb by a direct route. The apparatus

is shown schematically in Figure 106. In other respects the apparatus and

techniques employed in the current studies are identical to those stipulated

by the military specification.

3. Results and DiscussiOn:

In the present series of investigations the thermal stabilities of

seven different fluids have been evaluated. Tho- data are presented in

Figures 107 through 115, Tables XVI through UlI1. In order to determine

the effect if any of changes in the geometry of the experimental system

occasioned by the use of the pressure transducing eleow.nt, studies in each

case- have been made with both the standard and the modified systems. Data

for sample 410-64-8 using the standard system have been taken from an earlier

report (Raference 4) but are repeated at this time for ease of comparison.

Some differencet may be noted in the results obtained with the different

experimental systees. It is felt however, that these represent natural

experimental variations. There is no evidence to suggest the existence

of systematic deviations caused by thd changes in the apparatus.

Pressure vs. time plots obtained with the modified apparatus are

shown in Figures 107 through 115. Even in the few systems which have been

studied to date -ertain distinctive differences in behavior may be noted.

Stable samples with low vapor pressure at the test temperature show a small

initial pressure rise with little or no further increase during the course

of exposure. Samples MLO-04-8 at 700 deg. F., ELO-64-68 4t 7-00 deg. F.,

and ELO-66-20 at 650 deg. F. are examples. Sample ELO-66-31 at 650" and

70) Jog. F.# is less stable than any of the foretoing. An initial rapid

increase in pressure due to sample vapor pressure is followed by a continuing

rise which is indicative of mode',ate decowposition. The pressurv rasuremnts

indicate that sample ELO-65-48 ot 700 deg. F. is still less stable. At

700 deg. F. the prrss~ure in the system containing this material rises

contxnuously at a fairly rapid rate throughout the course of exposure.

147



IA

FIQ.E 106 - -SQIEWTIC OF MDDI FIED THEIMIJ
STAXILITY TIST CELL.



TABLE XV!

TI3MAL STABILITYOLP ILO-64-8
pinr U1-L270A 6 bourv 0 700 dog. F.

Standard Mtodified*

Vissllty 0 100 deg. F., ca.

Or'igimn 307.6 308.0
After expostre 302.0 3o4.6
% Dim:eres 1.8 1.1

eutralitionNo *b., n.gKUg.
ang~ua I .. than 0.01 lAss tban 0.01
After .qcmwe Less than 0.01 C.04
Increase 0.00 0.03+

Apearance after exposur: C(oudy Osero ligbt yellm
vith imscible layer

chan in Wsigft of

9-1O 0.00 No ebg 4o0.0o4 Moderte tarniab
avns. 0.32 Black corrosion 40.06 Moderate tarniab
52-100 o.06 mit corrosion 40.04 derste terniab

P fmsre mpracod by yapvsvs tanducig clemnt.
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TABLE XVII

THERMAL STABILITY OF ELO-64-68
per MIL-H-27601A - 6 hours @ 700 deg. F.

Standard Mbdified*

Viscosity @ 100 deg. F., cs.

Original 347.2 347.2
After exposure 338.9 345.2
% Decrease 2.4 0.6

Neutralization No., mg.KOH/g.

Original 0.08 0.08
After exposure 0.04 0.12
Increase -0.04 O.04

Appearance after exposure: Slightly cloudy, yellow Clear, light yellow

Change in Weight of
Metals, mg./sq.cm:

M-10 0.00 0.04 Slight tarnish
Bronze 0.04 Moderate tarnish 0.08 Bull tarnish
52-100 0.00 O.06 Slight tarnish

* Pressure gauge replaced by pressure transducing eleient.
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TAELE XVIII

TU•VAL STABILITY OF ZLO-65-W8
NXI-B...60A -6 h_ ao 7 dg.?.

Standard M______*

Vlcosity 0 100 dog. F., cs,

(kignal 15.14 15.14,
After exposure 13.44 12..14
, crease 11.2 15.2

lbutralization N., mu.KCE/g.

oLgina1 0.07 0.07
After exposure 0.12 0.07
Increase 0.05 o.W

awkn~rance after expoetwe: Mligbtly cloudy,, Claody, pale yellowish
yellz gray v4-th !miscible

layer

cnp in %eght orMitals, in./sq.ci:

W10 0.00 0.00 Iridescent
Bo.om o0OkA moderate tarnish o.o6 slight tarnish
52-100 0.00 0.00 Iridescent

* Pressure pu rpleced. by pressure transducing clemnt.
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TAMLE XIX

THMWI STAB.LiTY 0Of ELA66-20

per KG1-&27601A - 6 hotms 0 650 d~.F.

Stondazd Modifiled*

Viscosity 0 100 deg. F., Cs.
Orignl 326.4 32.4
After exposure 314.6 315.1
$ Dec:,se 3.5 3.5

Neutralizatim No., sKCEig.

S0.22 0.22
After expoue 0o.7 0.T
!ncree 0.56 0.55

Appearsnce after exposure: CL-Ar, brown C3ear, brown

Owns in Weij31'c cf
bWtaes, mg./sqocm:

I4-10 O.C0 Supt tarnish C.00 Might tarnish
Ercuie 4o.06 mmirsat taruish 40.014 *Aerate tarnish
52-100 0.00 light tarnish 0.00 Might tarnish

*Pfr. siwe Soupe reAlaed by presuare t -saf- ci.-4 *sljt.
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TABLE XX

TKMPL 3TABILITY Or E.O-66-31
per MIL-H-2760A - 6 bours 1 60C deg. F.

Standard Modified*

Viscosity 2 100 deg. F., es.

o1g 4l -67 4.67
after exposure 4.76 4.76

% Isaresse 1.5 1.9

Neutralisation No., mg.KOB/g.

original Lems than 0.01 Less tban 0.01
After exposure 0.01 C.01
Incresse 0.01 C.01

Appearance after exposure: water vwite, Water vbite,
clear clear

Cbnge in Weight ofMetals, LX.is4.cm.

4-1C 0.00 No chbn6e O.CC No cbsnge
Bronze .C.CP& Noderste tqrr-ih +.:.C? Nbderate tarnish
52-100 O.% I cbmenge c.0 :o c~-e

* Preture &xuge reg1aced t¥ rres$ure t-ansducin; elewtit.
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TABLE XOC-COMTUED

TIHMKPL TflI¶.TT OFr EIO.:.--31
r~er b~L-H.'7i, - ' 5C deZ, F.

Ct~nd re. Wdl fieds

Viscosity 1CO deg. F.,es

After exposure 4~.654,
5 Icresse 

v

JNeutrel-Ization wo.', r?.ZKOfl/&

Original Less tban OlLttsnCC
. ter expozure 0.C1
I--crease 11.01 0

APPesrmeoe af'ter e"Losre: Cleor, role yellow Clear, pale yeli~v

* iChauge in Weight of'

l4-1io c. kheanze C.CfX No chu-aie
E~ronze 4C.C-2 %bderate termL-b +C-.06 Motderate tarnish

52-MD .CY C'^Dge 0ý.30 So change

Pre~~iue Vuý,e rq'picedi ry ie~tUre t.ra;; ,du.cijg elejWn.
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TABLE XX-COr7."TTD

T WAL STABILITY OF EL0-%6-31
kper NI--70A- or (ý ded. F.

Staindard Modified*

Viscosity 4 100 deg. F., cs.

OrWigUm1 4.67 46
After exposure 4.80 4.?1
% in-crase 2.8 2.6

Neutreliution No., mg.K1m/'j.

Original Less than 0.01 Les= than C.1-
After exposure 0.02 Z.03
Iocrese G..1 0.02

Appearecee afetr exposme: Cleer, pole yellow Clear, pole yellow

Cbmae in W5igbt of
Netals, mg./q.cm:

M-10 C.XC No cbange C.CC, No change
Braze +. C.04M derate tarniisb .. 02 Moderate tarnish
52-0CC C.CC 3o change -. 0 No cban;e

* PreSW.re gog replaced by pressure trsenduciag ele-mra.
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TABLE XXI

THERMAL STABILITY OF ELO-66-51
per -- -_6 hours 9 7(X deg. F.

Standard Modified*

Viscosity 3.00 deg. F., cs.

Original 26.20 26.a,
After exposure 26.06 26.00
,ý Decreese 0.5 0.8

Neutralization No., m;.KOH/g.•
Originali 33.4 33.4
After exposure 44.C 41.2

Increase 10-6 7.8

Appear3nce after exposure: Clear, dark grayish brorn Clear, dark grayish brown

Change in Weight of Metals,
mg./ sq .cm:

K-14 -. .00 Slight tarnish 40.02 Slight tarnish
Bronze 4C.Oe BroUn 40.08 Brown
52-1C +.C.C4 Sliiht taraist 0C.00 Slight tr.niash

Pressure ;auge replaced by pressure transducing element.

* Sample vas imiscile in titration sclvent. Beat repeatability was
obtained at high stirring rates.
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TABLE XXII

THMM STABITY FEL 40.667-49
per XIL-B-7601A - 6 hours @ 700 deg. F.

Standard Iodified*

Viscosity @ 100 deg. F., Cs.

%16a" 16.84 16.84
After erpovi 12.36 12.42
% ecrease 26.6 26.2

Neutralliation No., mg.E/g.

Original 0.06 0.o6
After exposure 0.o6 o.C9
Increase 0.00 +0.03

Apearance after exposure: Bightly cloudy, Slightly cloudy,
light brown light brown

Change in Weight of thtalas,
mg.*/aq. c:

W.10 0.00 Slight change 0.00 Slight change
Broze 0.08 Light brown 40.12 Light brown
52-100 0.00 Slight change 0.00 Slight change

* Pressuwe gauge replaced by pressure transducin; element.
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On the basis of the foregoing data, it is obvious that the addition

of a continuous pressure measurenlent capability to the thermal stability

apparatus provides much useful information. While sufficient data to permit

any firm conclusions are not yet available at this stage of the investigation,

it may ultimately be revealed that some systems which are apparently stable

from the standpoint of corrosiveness end bulk fluid properties may be found

to be unsatiifacto-y by the criterion of pressure build-up. Rate of

pressure build-,, is an alternate criterion for evaluation of stability.

,':ne of the samples studied thus far suffered catastrophic breakdown after an

initial p.'iod of apparent relative stability. The existence of such induction

periods prior to deLt.•Dosition is common in the case of oxidative degradation

and may prove to be of import.az.-e with respect to ther%2! decomposition as well.

4. CHiEMICAL AND PHYSICAL PROPERTIES OF Ei•aqIMENTAL LUBRICANTS

Tables XXIII through XLIV and Figure 116 summarize chemical and

physical measurements made during the current reporting period on a vaziety

of experimental fluids and greases.

S. FUTURE WORK

The f*,xation of atmospheric nitrogen by combination wit." oxygen in

a spark dischare or an active surface at elevated temperatures is a well

knowni phenomenon. That this occurs in tutomotive inturnal combustion engines

is a primary cause of the air pollution due to that source. The interaction

of such nitrogen oxi. s with lubricating fluids has been used as an index of

.,hricant degradation it L. Gardner. (Reference 7) That author made

quantitati.;- measuremen s of infrared absorption in the 6.1 micron region

to deterulnv, the ex•.nt , f formation of organic nitrates produced by

interaction with nitrogen •i~s in blow-by gases. The results of that work

suggest ice possibility ci e. ending tv scope of current corrosion and

oxidation stability te5ts throu . the artificai i.ntroduction of small mounts

i6:



of nitrogen oxides to the air stream bubbled through rhe samples, This could

easily be accomplished through the use of a controlled spark discharge in the

entering air stream. Such a modification would provide an additional variable

in the corrosion-oxidation testing program which would permit the simulation

of actual operating conditions more nearly than is now possible.

While nitrogen fixation may be of greatest importance in reciprocating

internal combustion engines using gasoline fuels, it seems likely that it

vu occur te sow degree in any engine system. For this reason it is felt

that an initial investigation of nitrogen fixation in various lubricating

fluids should be made and, depending on the results of such an investigation,

a srtay of the effects of nitrogen oxidis on corrosion-oxidation tests should

"follow.
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T iLE XXIII

SA1KLB M3SM WAO6ý-1

Ntciicatiou KIa.LJPM.606

nalb b~todo. F~.43

Fi're PInt, dog. F. 500

Cowe Strip Oorrosioo (72 bours 0 250 dog. F.) 3waurste tarnih-2B

Four Points dog. F. 35 below 0

Rubber Sifl1ing, % ("L" 1Pabber)143

Brporetion '&st (4 bours @ 150 deg. F.) Passes - OLly, not bud or tacky

Specific Grwvty 6 60/60 d•g. F. O.886.

Opmtaneous, Ignitiona Tuuiperat~ze, dog. F. 6800I(ASTKD 26)
U Ibderete amut of carbouaceous residue

FQWIIs TMT

Foaming ¶Tndenc: Flo Stability:
Foam vo•__e . al. Iqbs volumes ,,l.
at "Ad of 5 min. at end of 10 min.

75 des. P. 54o 50 al. t 10 minutes7
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4

TL2E XXIII-C•.'INU•D

CORROION AND MaDAIION STABILITY TWl'

168 b'ours :3 M5 de.F - MI4Io-H5606E*

Tests on the OCrginal CU:

Viscosity 0 130 deg. F., ca. 34.64
Neutrslizatioa No. mg.K0I:/g. 0.0?

Tests on the Ckdiized Oil:

Viscosity @ 130 deg. F., cs. 34.97
Neutralization No., m.KO0t/g. 0.07
Dmpcration Loss, 5 0.83
Appearance after oxidation: Straw color; wo precipitate
Inrease in Viscosity,• 1.0
Increase in hmtralization i.,, mg.KOf/g. 0.O0

* ~Loss of Mqigfm of Metals, !5.Iarq.ca:

* Ik4Desium 0.00
Aumimum 0.00
Copper 0.00
Oadmiiu C. 00
Steel

SAir f.1lo 5 !0.5 liters/iour. With reflux.
Moiderate tarnish-2E
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T't-LE XXIV

ftecification KLL-s-5oo6B

Fire Point, dog. F. 36C

04ya ftrip Corroion (72 bousg 8 250 Wog. F.) )MD&rot' tarniab-2B

Pow Points dog. F. 60 belOV 0

Rubbe ueJ~liogj, % (-L- Ribber) 7.91

bepw~stim Tast (I. hmwg S 150 dog. F.) posses oily, not bard or tacky

fteciftc CQsvity @ 6C0/6o d". F.0.81

Bootsesaw lnitom Tsqpwattwe deg- F-.40

*Ligbt corbm~acsous rwsldue

FOW IG TWT

?b8M4 in de~~ncy: roam Stability:
Fbom volume" sl. ibao voli, al .
ot end of 5 min. at end of 10 min.

T@Meratur* gjvi ~srod sott1.$z. ZIod_

75 dea F- 515 1C,.a. after 1C minutes

2X~e~.F.3G al. *fter 1C minutes

5dec F UL 15 &J. after IC xiw~t~es

1 7.



TABLE xxiV-C flNMF

"MmeW NN6W 5&-6a4-

C(If CMI AND (COMDAMO 8TABhIXZ TXN?
168 bmw. *20 m et~.?. - II.509

Tets an the 2E1g~ga1 (v.1

VioomitYS 3 30 dog- .0Fe coo 34.67
moutria3.saum ft., ng.IKB/g. 0.09

%*to an the O~ddied Wi:l

Viscosity 0 IN0 dog. F.;, ca. 45.74

b~mv=*Um looss, $ o.72
Apperace after oxistiao: Nbdorste eber; no precipita~te
Inctgsae in Vicosity, $ 31..9
Increase i tu raizaticu No.0 mg.IEUS. 0.05

Loss of !!IBMz of Iktalz. rg.Iuqocnu:

~5i~M0.00
Alimlni 0.00

ODCPWo.o6

St..1 C. 00

A~~~-0 nm5tittar/bour. With relu~x.
lDwk taroiab-3A



'm'lIE W!V

BAGL NumBER ELo..66-2

Evaporation, % (6j bours @ 400 deg* 1.) 21.5

Four Point, de&. F. 10

Kinematic Viscosity 69 130 deg* F., ca. 2,-2.13

Kinem-ac Viscosity @ 400 deg. F., cs. 1.42
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TABLE XTV- COIJ'fl _ED

SAM4PLE :ItM:3R ELO-66-,20

HIDROLYTIC STABILITY TEST

-- A- hour3 @ 200 de•. F.

Corrosion:

1. Loss of weiibt of copper, zi./so.cm:
a. Before brushiun 1.23
•. After brushing 1.23

2. 4;pe saace of copper:
a. Before brushing Sli.Lbt etchirg
b. After brushing Slight etching

Resistance to ldrolysis:

1. Viscosity 9 100 deZ. F., cs.
e. Origiral sample 3 26.L
b. After test 325.4
c. 5 clange -0.3

2.Noutralizatic-a 'Nco., r,,.KOHig:

e. Water "ay 0.05
b. Organic layer

OriginaJl 0.22
After test 2,7.5,0
increase 27.28

3. Insoluble material in oil layer, % 0.29

4. Color Lighter thaz C.5
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TP-2LE XXVI

SAMPLIF,: SAITLE M, MIERELO- •3-2•- L0•-2

Kinematic Viscosity:

2.3C de. F. 11c. 2% i•.

21C de,. F. 15.25 15.06

S4CC dcx. F.* 1.4~4 1.7
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TABLE XXVTI

SAMPL mm)4 ELO-66-3o

RUBUR ]ME ORATIN TEST
168 hours at 275 degrees F.

KM -H-5606B

% swelling (shrinkage) of "L" Stock Rubber Specimens 7.45

•] E HARIMESS

Durcmeter Hsx'ness Before Test 72
Durometfr Hardness After Test 74

NOI(ATION

Elongatim Before Test, in. 2.53
Elongation After Test, in.

lst specimer. 0.9
2nd specimen 0.9
3rd specimen 0.8
Average 0.87
Decrease 65.6

TNSILE STRENM

Tensile Strength Before Test, psi 3,08
Tensile Strength Ater Test, psi:

ist specimen 1,426
2fd specimen 1,577
3rd specimen 1,366
Average 1, 456
Decrease, % 52.78
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TABLE XXVII-C'N NUED

RUBBER IS~~ORA1ION TWr
168 hours at 275 dees F.

- NIL-H -95CO

% swelling of '"AK-3" (labeled no post cure) Stock Rubbe SPecimme 3.36

mom E~ss

Durcater Hardness Before Test 85
Durcmater Hardness After Test 89

ONGATION

Elangaticl Before Test, in. 1.8
ELongation After Test, in:

lst specimen 1.5
2nd specimen 1.2
3rd specimen 1.5
Average1.

Decrease 22.2

Tzfcr STIREIMT

Tensile Strength Before Test, psi 2,387
Tensile Strength After Test, psi:

1st specimen 1,877
a4 specimem IA,0-

3rd npecimen 1,87
Average 1,80M
Decrease, % 24.6
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'TA13LE XrI'! 1-CO TflIUE

SAmPL Num zo-66-3o

RUBBER UU IRATION TEST
168 hours at 275 deges F.

MIL-H-5606B

% swelling of 'RAK-2" (labeled no post cure) Stock Rubber Specimns 0.36

% shrinkage of "RAK-2" (labeled no post cure) Stock Rubber Specimens

1st specimen 0.50
2nd specimen 2.60

DMORME HARDNESS

Durcneter Hardness Before Test 85
Durcmeter Hardness After Test 89

EONGATlON

Elongation Before Test, in. 2.0
Elongation After Test, in:

lst specixmen 1.3
2nd specimen 1.4
3rd spcimern 1.3
Average i .3
Decrease 35.0

Tensile Strength Befort Test, psi 2.,1"I
Tensile Strength After Test, psi:

lst specimen 1,832
2nd specimen 1,802
3rd specimen 1,727
Average 1,787
Decrease, % 17.9
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TABLE XXVII-CONTINUED

HUBW Ifl ORATION TEST168 bours at 275 degrees F.
MIL-E-206B

% weling of "RAK-26" (labeled post cure) Stock Rubber Specimens 0.36

% sbrinkage of "RAK-6" (labeled post cure) Stock Rubber Specinens

lit specimen 5.56
2nd specimen 0.15

DUROKl HARUKSS

Du-amiter Hardness Before Test 86
Duromater Hardness After Test 87

ZO3GATION

KLaagation Before Test, in. 1.4
Elagatim After Test, in:

1st specimen 1.4
2nd specimen 0.9
3rd specimen 1.6

e e1.3
Decrease 7.2

TmILE STF

-,ensile Strenth Before Test, psi 1,952
Tensile Strevgtb After Test, Psi:

Ist specimen 1,772
2nd specimen 1,486
3rd specimen i,89,2
Averege 1,716
Decrease, % 12.1
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TABLE XXVIII

SALE NUMBW EL0-66-34

RTD Panel O~king Test, mg. deposit 1308

CORROSION AND OXIDATT•N STABILITY TEST
72 hours @ 347 de,-. F. - MIL-KL-OO7808F*

Tests on the Original Oil:

Viscosity @ 100 deg. F., cs. 62.91
Neutralization No.. mg.Ko/g. C.04

Tests on the Oxidized Oil:

Viscosity @ 100 deg. F., cs. 89.62
Neutralization No., mg.KOH/g. 6.20
Evaporation Loss, % 1.00
Appearance after oxidation: Dark reddish brown; no precipitate
Increase in Viscosity, % 42.4
Increase in Neutralization No., m..KOH/g. 6.16
Sludge retained on 10 micron millipore filter, m%./100 ml.

loss of Weigbt of' PetaJls, ffg./sj.ciii:

Magnesium 9.30 1
Aluminum 0.00
Copper C.4C ****
Silver 0.01 ****
Steel 0.0c *0***

* Air flow 5 -0.5 liters/hour. With reflux.
*' (annot be filtered thru 10 micron filter.

*N4 Dill gray-etched.

*•Bright etching.
SLight brown stain.j*** Gold.
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TABLE XXVIII-C(OICNUED

SArapLE NW4 B 06-3

CORROION AND OXIDATION STABILITY TEST

72 hours 2 400 deg. F. - K-L-O-Q078F*

Tests on the_ riginal Oil:

Viscosity 9 100 deg. F., cs. 62.91
Viscosity P. 210 deg. F., cs. 9.17
Neutralization No., m-.K0H/g. 0.O4

Tests on the Oxidized Oil:

Viscosity q 100 deg. F., cs. 91.59
Viscosity @ 210 deg. F., cs. 11.83
Neutralization No., mg.KOE/,/. 4.24
Uakporatioc Loss, % 1.65
4Aplarance after oxidation: Dark brovr; moderate precipitate
Increase in Viscosity @ ICO deg. F., % 45.6
Increase in Viscosity @ 210 deg. F., 5 29.o
Increase in Neutralization No., mg.KO/g. 4.20
Sludge retained )n 10 micron millipore filter, mg./100 ml.

Naesium i.3.32 **
Alminum 0.0
Copper 1.19 *I*
Silver 0.02SSteel C.00

Air flaw 5 -0-5 11tersihour. With reflux.
i: *•Cannot be filtered thru 10 micron filter.

W ull ay-etched,

Bright etcbin3.
* Li 6 ht gold.

SGold and blue.
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T 4LE XXVI II -CONTINUED

SMA'LEU rt4BERi EL0.66-34

CRROSIO'i AND OXIDATIOV STAtBILii' TEST*4.' hours , •40, de-. F.**

Testz on the Crisinal Oil:

Viscosity @ 10C deC. F., cs. 62.93
Viscosity C 210 deg. F., cs. 9.17
Neutralization No., mn.KOI/7. c.04

Tests on the Oxidized Oil;

Viscosity 1 100 des. F., cs. 2015
Viscosity O 21C deg. F., cs. £0.7
Neutralization No., ms.KOH/g. 15.10
Evaporation lTas, $ 3.65
Appearance after oxidation: Dark brown; very viscous
Increase in Viscosity 5 100 deg. F., * 3100
Incrcase in Viscosity !ý 210 deZ. F., 7 7•c?
Increase in Neutra!izatior Noo, mg.KO/6* i5.C'..
Slud-e retained on 1C mieron millipore filter, mI.ji0C ml. *

Lo•z of 1Weighbt Cf• '4A-1.4 &Z

Alua- iiuw ( 4-A355)
2Iit~amium 5ALT-e6 , Mi ) .c
Silver (MI.-S-13252) c.i ****
Steel (Tool Steel-T.p ý -IC) t- *-**

coper QQC-7'1.61
Manesitm (QC-M-4)

* Washers in sV_ -onfluration as in -ticru Corrosion Oxidation.
* Air flow 13c--.5 liters/hour. Withcut reflux.

"** rCnnot be f-itered thru I( micron filter.
-'* Tcid.

Ie 1i8ht gold.
SPri -,bt etchin,:.

-_ . . .. . • . . ... .. . . . . ..



SAWLE r~~ELO-66-51

Jbur Paint,, ?,, F.

±zicerntic Vl3co-3t-y:

Ei 5C de.;. F., Cs.

1 CC de,;. F. , cs.
i137C des. F., Cs.

21C dc.. F., Cs. 24-Cc deZ. F., Cs.-.-

Nputa-elzation -.%Ober, m~.KW6~ 33.4
Plash Po~int, der. F. (Clevelanird 0'pen (xlij
Spec~ific Gravity J c de.,. V,
SP~taiueOus t,-Zitioc el~ersture, de. F.

Ate- MN D 
+,p

* ~ tc~ 5?C em._~f'~L . i

t o N, P a r.



TABLE XXIX- CairN ~UE

*SAMPL.E NUE ELO-6-ý-51

H.OYrIfC STABMI'U" rl

Corrosioni:

1. Losa of veib ~~j;r :./qcm:

a. Befolre Irushinz C.23
b. Af*,ter brushit, 0.2

2. oerance of co-;er:
a. Befor:e -:bi 5bE Dar:- tarzist-3:
b. AfVer bzrushiaý Dark taris!-3I

lJesiatar~ce to ~r~ss

I~ VIIucosit. 0: 1'- deg. Fe, cs.

*a. O1igizal -'s~pea-20

Or'! test.

laa.-I mnQU1 aterini1 in' cl lcye:r,

4. colori~tirt



TABLE XXIX- COrIDM NUED

SAMPLE NU['• • L" -"

VAPCR PRESSURE BY ISOTENISCOPE

Temperfture, dez. F. P, mm Hg

2C' 0.15

250 o.8

300 3.6

35C 13.3

Ic 43

450 110

5CO 265

550 620

575 890

:.o decomposition was observed.
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1000

500- ELO- 66-51
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100-

E 5 0 -
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/ 20Cf)w

cr- 10-
00o

1 5- -

2

600 500 400 300 250

TEMPERATURE ,F

FIGCUF1 116. VAPOR PRESSURE ') ELO-66-S1.
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T7ABLE XXX

SAMPLE NMBEIR ELO-66-10o

Kinematic Viscosity, ASTM D 445-65.

a. @ 20 deg. F., Cs. 2703

b. @ 100 dea. F., cs. 71.-9

c. @ 210 deg. F., ca. 7.58

Flash Point, deg. F. (Cleveland Ooen Qip) 410

Fire Point, deg. F. 470

Pour Point, deg. F. 25 below 0

Spontaneous Ignition Temperature, deg. F.
(As¶ D 286) 685

Copper Strip Corrosion (72 hours @ 250 deg. F.)
KIHE-H-5606B Dark tarnish- 3B

Rubber Swellng, % ("L" Stock, M(L-H-5606B) 10.26
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TABLE XXX-CO0rINUED

SmaMP Nt4BER ELo-66-109

cmosio0 AMD oxim STABILIT TEST
168 hours 0 220 deg. F. - 1KUL.N~6o6B*

Tests on the OrgLaal Oil:

Viscosity 0 130 deg. F., cs. 31..8
Neutralization No., u.KCJR/g. Less than 0.01

Tests on the Oxidized Oil:

Viscosity @ 130 deg. F., ce. 32.28
Neutralization No.p ,ge/g. 0.0o4
Evaporation lots, 5 0.59
4pesrane after oxidation: Ver7 light seier; no precipitate
Increase in Viscosity" 5 1.3
Increge in Neutralization No., mg*.K g. 0.03+

Loss of Weight of Metals, mg./lu.cm:

m~esium 0.00
A]bmug 0.00
Cpp" 0.00 **
Cadmdm 0.01
Steel 0.00

SAir flow 5 !0.5 liters/hour. Wift reflux.
*1 Ibderate tarniah-29.
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TABLE XXXI

SAMPFLE NUMBER~ ELO-66-li7

CaR06I0fN AND OXIDlTION STABILITY TEST
72 hours 2 347 deg. F. - MnL.L-020q8

Tests on the Orijinal Oil:

Viscosity @ 100 deg. F., cs. 62.73
-%.utrvlzation Nb., mg.KOH/g- 0.03

Testt; on the Oxidized Oil:

Viscositv ' 100 deg. F., cs. 7c.43
Neutralization No., mg.KOH/g. 2.39
&mporation Loss, % 1.11
Appearance after oxidation: Ibrk reddish browni no precipitate
Increase in Viscosity, 1 12.3
Increase in Neutralization No., mg.KOH/g. 2.36
Sludge retained on 10 micro millipore filter, mg./IO( ml. 0.14

Loss of Weight of Metals, m•.Is•qcm:

Nhgnes:.iu 0.00
Aluminjm 0.00
Copper 0.10 '
Silver 0.02 *
Steel 0600

Air flow ! -0.5 liters/hour. VitL reflux.
Mobderate tarnish-2E, etched.

* Libht gold.
• lPurple and gold.
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TABLE XXXI -COL1TINUED

SAIOUL IMflBER ELO-ý6-ll7

CORROSION! RIM OXIDATION -7ALIL.ITY TEST
72 hours C 400 de,';F.Fe - ML-L-07L08F*

Tests on the Original Oil:

Viscosity 15 100 deg. F., cs. 62.73
Viscosity 5 210 deg. F., cs. ,.2.4
Neutralization No., m;.YOH/h. 2.03

Tests on the Oxidized Oil:

Viscosit:- *• 100 deg. F., cs. 31.42
Viscosity 0 210 deg. F., cs. !i.0
-cutralization No., mg.KOH/;. 4.05
Evaporation Loss, % 2.53
Appearance after oxidation: Dark brown; moderate precipitate
Increase in ,iscosity 3 100 de6. F., % 29.8
Increase in Viscosity 2 210 deg. F., % 20.7
Increase in Neutralization No., mg.KOE/g. 4.G2
Sludge retained on 10 micron millipore filter, m6./lO0 ml. **

Loss of Weight of Metals, mg./sq.cm:

M&Gn-!Si'U 1z~ ~.59 *wAluminum 0.00

Copper 0.R *

Silver C.01
Steel C. '

' Air flov 5 5C" -- liters/hour. With reflixx.
:Cannot be filtered thr.' 1C micron filter.

rn fiDll a-ey-etched.

ee, Bright etching;.

Lij1t 9;old.

1.91



TAELE XXXI-CONTIIRFED

SAMPLE, im1BER EO-6io-l7

CORROSION AIJ) OXIDATION STABILITY TEST*
4P hours C 400 dea. F.**

Tcsts on the Original Oil:

Viscosity @ 100 deg. F., cs. 62 .73
Viscosity 2-10 deg. F., Ca. 9.14
Neutralization No., mg.KOH/g. C.03

Tests on the Oxidized Oil:

Viscosity @ 1CI deg. F., cS. 93.29
Viscosity @ 210 dc.. F., cs. 11.67
Ni ';ralization No., mg.KOH/g. 3.18
Evaporstion Loss, % 3.54
Appearance after oxidation: Derk -eddish brown; no precipitate
Increase in Viscosity @ 100 deg. F., !.7

'Increase in Viscosity 5 21C deg. F., 1 27.
Increase in Neutralization No., mZ.KUH/,. 3.15
Sludge retained on 30 micron millipore filter, mi./OG ml. 0. 63

Loss of Weight of Metals, mrg./sq.cm:

Aluminum (QQ•- Aý3 5 5).

Titanium (MIL-..T-0CC904)B, S% Ma) •.C*
Silver (MIL- S-13292) C. C7
Steel (Tool Steel-Type M1IO) o.c *
Copper (QC-C-576) c.. *
Ve,?nesium ( ,

* Washers in spe ccnfiburation as in .icr(, Corrosion Oidstion. t_
:: Air flow 130-0.5 liters/bour. Witbout reflux.**LLght cold.

**-** Cold.
** 1derate tarai3h-2D.
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TABLE XXXII

rAe • 6O1-E i0

Copper Strip Corrosion (72 hours @ 250 deg. F.)
* aL-R-5606B Moderate tarnisb-2C

Mmnaewtic Viscosity:

0 0 deg. F., cs. ý,3608

8 100 deg. F., cs. 24.39

* 130 deg. F., cS. 11.63

8 210 deg. F.; cs. 3.114

* 275 deg. F., cs. 1.64

CORROION AND OXMMON STABILITY T•T

168 hours @ 20 e.. - EIC-B-560B*

T6sts an the Oaginal Oil:

Viscosity S 130 deg. F., ci. c,.63
Neutralization Mo., Ng.KOH/g. 0.18

Tests o4. the 03ddized Oil:

Viscosity 6 130 deg, F,, Cs. 12.T7
Neutralisatio No., mg.KO/g. 0.31
Bvapiration Loss, % l,,91
Appearance after oxidation: Wcter vhite; no precipitate
Increase in Viscosity, % 9.-
Increase in Neutralization No., mg.KOH/g. 0.13

Lqo-s of Usig~t or Metals, mgZI!q.C.:

)bgnesi= .

Aluminum e.00

steel .0O

* Air tlov 5 L0.5 lUtersibur. Wi*b reflux.
DaLkrk tUrnisb.3B.
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TAMLE X)MIII

Sariematic Viscosity:

@10 deg. F., cas. 71.83

I 1XZ deg. F., cs. 31.90

9 2.0 doe. F., Ca. 7.62

Fl.ash Point, deg. F. (Cleveland Open Oip) 2

Fire Point, deg. F. 465

Spontaneous Idnitioo Tempereture, deg. F.
(Am D 286) 67o

k.



7 A.BLE, XXXI V

SAMPLE~ N~Im:R~ aLO_-'7- 21

Copi-er St.rip Corresico ((r2 bours 256. ~ee;. Fe"

ýn L-1, - B Drk tarnisb-3A

cJRRc~IIO' AN~D OXflITION STAIU1Y ES.
h3 ours - 25, dez. F. - 1'tIt-H '-Coi3

lests C., tbe O-A3.Oil:

V~iscositY C 13C d~e:,. F0, cs. 1

NeutAalizatiou N.o., ia.g.KOli/g. *

'Ie3ts on tbe Oxi~dised Oil:

ViscoritY ýý 13C de3 . F., ca. .32S
Neutraslizatlom No., mg.KCvi/. cx
Evap;oration loosr, % 2. 7U'
Appearanxce aftcer oxidastion~: tiode±re'. amer; nio precipitate
increase in- Viscosity, %
Increase in. H/tt~j~tO 43 ~K~i;

loss of WeI,;tt af Ytalsj MEj!-2

Al u mI -. ;r

Cq -1:c.C

Steel.

fl- v "te-j 5 -I.Ix



TABLE XXXV

SAwuLE N.w4BER ELo-67-22

Kineinatic Viscosity, ASTM D 445-65:

a. 9 100 deg. F., cs. 163.98

b. 'a 210 deg. F., cs. 15-31

Saybolt Viscosity, ASTM D 88-56:

a. 5 100 deg. F., SUS 758

b. @ 210 deg. F., SUS 800
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TABLE XXXVIT

* ~SAM4F MARKED FLAB PCI.I lD n F. FMEi POlffr, D3. F.
____ (MMAzvw cm CUP) _ _ _

LO.-67-23 385 4&11
lst samle

ELO-67-23 40O5 J485
-,-22-67

197
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TABLE XXXVI-C(CVlqNUED

SAMMS NE R IMJOBm -67-23

iF3Ash P1.nt, deg. F. 375

Fire Point, deg. F. 480

Spontaneouz. Ignition Temperature, deg. F.
AMT~ D 2Pw6 720
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T.VLE XXXVII

SAMPLE 1M3 EO-67-35

Flash Point, deg. F. (Clevel8nd Open 0zp) 400

Fire Point, deg. F. 460

C=Wf~MW AN~DOXIDAIN STABIIM TUBT
1.8 ours 0 347 dog. F,, pr K-L.27601*

Tests on the Original (1l:

Viscosity 0 100 deg. F., cs. 25.54
Neutralization No., mg.KCE/g. 0.04

Tests on the Cx.dized (4l:

Viscosity 6 100 deg. F., co. 28.65
Neutrasizatica No., 35. /g. 2.56
baporation Moos, $ 1.57

an after oxldati•n: Dark amber; no preciptate
Increase in VIscosity, $ 12.2
Increase in Nmetralization No., g.*KC/g. 2.52

Loss of WeIaM of Matals, c./hia.c:

#350 Stainless Stmel 0.00
#355 ftainleso Steel 0.00 **

#W Stainless steel 0.00 *0
Copper 0.20
Silver 0.01

Sludge retained can micz millipa-e filter, WZ./100 al. 0.5

* Air flwc 5 !b:5 1iters/bour. With reflux.
S U Gold

** Light gold
Da~rk tarniso 33; bright atck1mg



j TABLE XXXVIII

SAMPL NUMBER EL.0-67-49

I POutaneous I,-nition ¶Ifmpersture., deg* F.
(ASTt4D 286) '135

20



TABLE X)XXO

sAxpu Nmsa EA.67-5o

fDecificstion KLL-H-56O6B

K0niematic Viscosity:

a. -. 6O Ga. r., CS. 2,206

b, 0 100 deg. F.T cs. 16.94

Ce. 130 dog. F., cB. 10.03

d. 6 210 Gag. F., co. 3.73

o oint, dog. F. elow 85 below 0

Fnssb pfnts Ga". F. (Clfvm1WA Cpft (QW) 435

Fiz hint, Gag. P. 490

~cctm s I~a Teamperatures log. F.
(AM zD 26) 675

Corm. Otrsip Oncesiou (72 boas 0 250 dog. F.) Dark taruisb-3B

Fai : F th Stability
Pb aVolums, al. Foft volme, al.at md of 5 vS/n at "d of 10 x=z.

ime tw o bkLowin Z!Fiod settling ptriod,

"75 6%. F. Traces 0 attar 3 seeo'ds

bmor brellIj, % ("L" i•.bw) 6.o 7

a Ti .t (h. W o @150 "ag. P.) Nases My, not hard or taky



TABLE X)aX-CafVO1ff

CCROSION AND MaDAeLIION STABILITYr TBT

Teats on the Origina1 W.l:

V180031ty 100 deg. F., ca. 17.01
&atralization no., M. C.03

Tests on the OxidizeA Oil:

Viscosity I 100 deg. P., cs. 17.15
NIeutralization No., mg.KOE/S. 0.49
.Rvaporstion loss, % 1.02
Apeerance after oxidation: a4drte umber; no precipitate
Increase in Vlacosity, % 0.8
Increase in lmetralization No., m.g- /g. o.46

Jo,. of Veirbt of HKala, wSe./ .

0350 Stainless Steel 0.01 "
Titanium 0.00 s
&A0 Stainless Steel 0.00 "
Copper 0.02 0
Silvvr 0.00

Slude retained on 10 microx aditlpore filter, 35./100 ml. 1.1

SAir flow 5 -;C. liters/bour. Wtth reflnux.

kbd qmerete tortdah-29

20Z
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TABLE XYX)IX-C017I"IUED

SAIG'L iUMER mp-67-5o

CaMOIONIQ AND O(WDATIOtI STABILITY TEST
1.68 hours @ 250 deg. F.-KLB2~B

Tests on the 9UPti Onl0 :

Viscosity 0 130 deg, F., cs. 10.03
Xbotritlization No., mg.KCH/g. 0.05

Tests on the (Ocddized Oil:

Viscosity 6 130 deg- F.,t Cs. 10.06
NeutraliZationt No., DMg.KC5g. 0.05
Evuporstion L1w, % 0 .76
ftoarance after oxiAatacon: strew color-; uko precipitate

Increase in vimacoit~y, % .
Cbnge in Umutrelisatiosa Po.,, mg.IK/g. 060C

Loss of Msib of NetaIls, mgiq~

Ibg~ei~ua0.00

Alintin~m 0.00

~wj 0.0J.
Steel 0.00

Air low5 !.5 liters/bour. With reflux.
M0 odearte taruish-2JL

ý203



TABLE XXXIX-COC..iNUED

sAwu NLnmB s!!-67-5o

s8 C SZA TET - NL-H-5. 6B

Ptoiertles of Reference Fluid

Viscosity @ 130 deg. F., es:

a. Before irradiation 10.20

b, After irradiation of 30 ml.
of fluid for 30 minutes 8.71

c. %cbnge -14.61

Viscosity @ -40 deg. F... ca:

a. Before irradiation 48o.,,2

b. After irradiaticn of 30 ml.
of fluid for 30 minutes 433.0

zi. $ _ __ -9.82

AfeZrradiation olf Sml
Viscosity7 f 130 dog. F., cs:

Bf. fore irzradiation 10.03
b. After irradiation of 30 ml.

of fluid for 30 Inzautes 9.26
c. f ckae -o.08

|Viscosity 4W -4O dog. F.,v CS:

a. Defore irradiation 2 0.0

b. After irrdition of 3C ml.
of fluid for 3C winutes ?,263

%. eauge

•t~alisti• M., m•.K•Mig.

b. After irredisa'.no ol' 30 ml.
o," fluid for 3C zinute, o.•2

C. chu (..C3

204
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TABLE X,

PbUT point, "g. F. 30 belo 0

Acid akibft, 3g.KlW/se0.

pinxfic Gravity 0 60/60 dog. F. 1.9182

[tzstic Viscosity:

a. Ui. -2D dog. F., es. 1,795

b. at ).00 dog. F,, ca. 14.72

f. at 2W0 deg, F., as. 2.70

Qamer Strip C(-roalm ('72 bo~ws @ 250 dog. F.) Dirk taru±.a..3B

Foudtog Twdncy: Wor attbl.lity:
7wa voUax, ml. Forn volume, al.
at ead of 5 ftn. at and of 10 adn.
h¶l4~gj% .R ~oi I!24D Erod

T5 &KF 20 0 a fter 25 s~otoad

V]O=I&NZI c-.

0 1,795

3 1,814

14 1,823

*4 1,823

72 1,825

20S



MMZIC MID C2DFIEUA-(~

168 boa"s b 5 d F. - I6uL..L5606W

Tests an the 9Eigia~l (Li:=-

Viscosity! 6 300do*F# s147
NeuralwtonN~o, G.wg.EIg.

T~ts an U (QdA -d QU:

v~soaly 01w goF., Cs.16o

ftarm afe oiation: lWate hidte, no preciptaItet
uiom in ecOetys

las of Lge r u s.uI.m

1 0.00

* ir flCw 5 !0.5 ;4tersfbhsW. Wltb rtlx.
Hadersto tarnish-2k



T tBLE XLI

SA:..-LE 4*.U.d-3R

~ H~I'7.LOAD
Roc?. Island Ar-seas-L IV•'C•

La,(:*Scar diamet~er, ~ Qxrected loadK.

4r c.331- 35.) -19

50 ' 42.5,3

54.137

. :-9.354 *

iCC 0.532 7:.165 ,

126 -, 5.634

b C 1.171,6.•

7, Z•1 5C ."4

Tot~al A 4'79.,37

m+ 2-.7 - " crtz Load 73,9

"',2o

• No •...I'



I I TABLE XLI-CON I ?,"ED

SA!Y'LE •UNMBER MCG-66-303
GREASE

Test Conditions: Temperature: 425 - 10 deg. F.

Cycles/mInute 250

An'7le of Oscillation, de.j! 10

Load; ibs: 4000

Cycles to Fi.) ure

SRun Cycles

S'-'1 102,482

2 111,68•5

Average of runs I and 2 LJ,033
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STABLE XLI-CONTINUED

SA;vYLE m4BE MxG-66-3c3, RUL i0. 0

OSCILLATING BEARING TEST
ADSRP-6 BEARINGS

425 deg. F., 4,000 lb. load;+sto ped automatically after
102,482 cycles; oscillation -1C0 no relubrication.

Bottom Bearing:

Rollers no fracture:
heavy spallinG;
severe plastic deformation;
heavy wear.

Inner Race no fracture;
heavy spallin•;
severe plastic deformation;
heavy wear.

Outer Race no fracture;
heavy spallinr;
moderate plastic deformation;
heavy wear.

Top Bearing:

Rollers no fracture;
moderate spallin:;
no plastic deformAtion;
1hen*-y wear.

Inner Race no fracture;
mode~rate r~paja:4.
no Flastic detormrmation
bee-<; -fear.

Outer Race no 4fracture;

no 1llastic deforratikn;
heaY4- wear.

Note: Therocouples fcr measurement ana coztril of tw4:eroti-e
were velded to the imer races o.' c th,
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TABLE XLI-COMrIMuED

IAM 8 14E UIA. MW-3%-203 RUNNO* 2

OSCILLATING BEARING TEST
ADISRP-6 BEARIJGS

1425 des. F.,, 4,0Cc lb. load; stogd ou o~tically after
1±11 ~SP,5 c;'cle2. oscillatio.n + _10 r no relubricatiori.

Bottom Bearin,:

Ral1Iers nio fracture;
heavy spaflur±3;
severe plastic deformation;

heavy wear.

Inner Race no fracture;
heavy spalling;
severe plastic deformationi;
tieavy wear.

-Puter Race z~o frtseture;
heavy spelling;
m~oderate plastic deformation;
beavj gear.-

¶Tbp Bearin.7,

Rollers no fracture;
hevy apoaiL,1;,

severe plastic 4eformtion;
heavy-wear.

tmwer Race no fractiae;
beetly spallir4*;
severe pl~stic do ~tiou;
beevy veer.

roierate spouixxin;
'Saw rlastic^ deftreaintot;
bees*y veer.

H~C 11'srz-cui leas for ve.s-.-rment acd cont~rol or taeretize
were velded to tho irx.rsx racts ol both beariags-,
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TPBLE XLII

A.E NiT1BE MC-6•--3.4

MAN HERTZ LOAD
Rock Island Arsenal Methcod

load, i Sc<a diameter, u;. Corrected load, kg.

24.2, * 21.C56

32 C.32; 26.951

40 ý-.35C .34.114

5( 1.2aMS 12.464

63 1.51ý 14.4c4

oc 1.953 15.412

10.2.45 106.533

126 WELD

Total A 14o.56c

14ýX;o + 64.31 MeI'an Her," Lood 20.6
10

0 No seizure
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TABUE XLII-Ca(NMIJ

BAWQL MMW MCO-66-33's

Twat CoadltImm: ?uuperuture: h5 1 o.F

Angle of Cksct12..ton; de,;: 10

Lo.4,, 1bs: !400C

Cycles to Failure:

Run C0cles

1 189s,365

2 223,.319

Averoge or .imna 1 arid 2 208,P57

212



Thi&LZ XLIIScWI TESTE

425 ~ ~ ~ AKL M4S. T..,-3'. 4R00 1b.. I.diopdsomta fe

189,365 cyles; ogcfllation 10y; no rel2ut'-eletioi..

SattoM Bearing:

~ol~arsno fracture;
wodermte spall~in;
scm plastic. deformation.,
beavy veer.

TiiRace no fracture;
beavy spafling,;
severe plastic e foamtion;
heavy veer.

Oatetr Bee w.. fractv.re;
avderstesp1.~;
som fastlic deformaiton;

beevy veer.

Jlollers no fraicture;
heavy sp*1in&T;
soe"re plas#tic defamtion;
beevy vear.

neet Rae. ac frsctura;
heavy spelizýi.*
severt plastic defcr=-tion;
beavy veer.

Outer bece oo 'recturt;

so plastic defrm~etloa;
beavy veer.

7ate: Tbarmocoup.es ror meumtedcoatrol of tanyersture
vwas veledW to the inet races o'l t>cth tets

213



TABLE XLII-C0O~INTIN

I - AMZL wK m-66-334g, RM NO. 2

OMTILATURM BEARI3 TOT
ADWP-6 BEMIMS

425 deg. F., L•JOC, 1b. load;,stjped automaticlly after
2283.9 cyes; osci0.lation - 10 no relubricat.on.

Bcttom Bserin&:

Rollers We fr'±-tt.we;
no speling;
no plastic deformation;
woderete wear.

Innex 1ace no fracture;
no spelling;
no plastic deformtion;
modete year.

Outer Race no fracture;
n0 spelling;
no plastic deformation;
moderate veer.

Top Bearing:

Rollers no fracture;
heavy spelling;
severe plastic deformtion;
beavy wear.

Imer Face no fracture;
bea vy spalliag;
severe plastic defortion;
heavy vear.

Oue *.U-e no Crn~cture;
,• q spaLtn•;
severe plastic d4eor tion;
heavy veer.

Nte: Tberuocoýj les for eeswvent ar cootrol o tvasture
vere velded W th. irmer races of both besrias.

214
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TABLE 4.111

sA*?LEu .-i.-33 ,=~-66~-335

tZAU HMMT LOAD
Boa. Island Arsenal Votbod

LoadSeardiameer, m. Orrcted lo&4.. ký.

-.33-j .'55536

C-56c,53.750

100 C.521 4.74.2

12,: C-791 5-2

?*5.29r-

25Q1.12C ln - -7~

315 _____

ToaiA 7:9-7'C

1.51'y

*ý s, eizure.
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TA~a X7IJI-COtM~NME

sAv'Fix NwimS McO-66-335

Test Coodittons: Teujme-,tuwe: 1425 !10 deg. F.

Cý-Cles/.taute 250

~AnLe of 0&ctA~toan,, deZ: 10

1.404 lbs: 4C000

pyc3*s to Fatiure:

1 256,5219

2 209,4"33

Avers~e Of~ -.=A 3. nd 2 ?320981.
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TABLE XLIII-COFrINuE

8.AIU N~tWN MG-66-335, iwi; 90O. 1

OSuLATM? BEA~aNG T~T
ADsiW-6 BEARINGS

t.25 deZ. F.,p 4.,OCQ lb. load;4,stogyed auatO~tIcfl.,y arter

256,M2 cycles;1 oscillation 1 C no' relubrication.

Bottom Bearing:

Flolexe no fYacture;
no spalli.Lig;
no plastic deformation;
moderate veer.

InerRce =~c rrscture;
no xp&ULin,,
no plastic deformetlon;
mo~d frete uaz-'.

Oater Race no f'racture;
no Sapelinz;
no plastic deformation;
heavy veer.

Thp Bearing:

Flo1.ezrs wo 6.rocture;
no sralliu&;
at, plastic O4tormtioz;
moderat~e wear.

Inner %Ice no fzracture;

ac ~iAstic delfcr~tloc:
wixierste wear.

* Citer Race ac f'racturt;

heovy veer.

fbtoe: Thermacvu~es for meevureunmt and woutrol of' te-4eat..rq
were welded te the Inzer recez o" vut%6- teeriv.,s.I 217



TAMLE XLIII-COMrIUE1

SAKLE AMERt W".-335, Rtfif M. 2

OBCUJAfl5U BBRMI: TE
-AUaW-S BLW MS

425 de4. F.0 4*W 1b. load; stoped autcmtic31i. artt.:
2C5 1,433 Ucl'es; o*.-Mti1tor _r- =0 r oelubrication.

Hollers uo fracture;
h~vy spelling;
severe plastic deformation;
Deavy vOer.

Fne ace no fracture;
heavy srallimg;
severe plastic 4eforusticxa;

heavy*

Giter Ibce no fracture;
heavy spelling;
zAorexte plastic defoumations

j heavy wear.

4bp baring:

ROUJAWS no fracture;
li~bt *P4sUtng6
Dc yucbtic doformtion;
moaerta veer.

Lwwer ftc* no 'tctLr~e-;
lhtspalliag;

00 Plastic U)*foumtio;
boavy wear.

W).ter IRmce a*foc tu

no plest'.c daromtloc;
beavy wea.

Ikbtoe Mxmvocouples Vor measurvmeut *.-A cabU~--A of t~empture
were welded to %be ioner us ret of both besriage.



•co.336 35.53

,33 0.378 .8

5o 0-.13 72.S85

To%" A

.'a 1,4i .

W

-L
- - w-~6~g



I]

TABLE XLIV-CON~TINUED

SAMPLE iI1IR ?4CC-66-336

GREASE

Tet oniton:Temperature: 425 10 deg. F.

Cycles/minute 5

Angle of Oscillation, deg: 10

Ioad,, ibs: 140c0

Cycles to FAlu~re:

Run Cyeles

1 22ý8,,375

2 141,2V22

3 1~,0,295

AversZe of ru~ns 1,, 2 and 3 171,297

-u--



8A*L3 fNtM3NM !4X-&-336, RUN lio. I.

OBCtLLAATING BEARING, TWT

AtDP-6 BEARLMS

425 deg. F., 4*000O lb. lood;*atogped eauLwmtica3l.y after

228,315_ gces.3 ; oscillation 1C ;no re3.ibricatio. -

BonersT no fracture;
heavy Spelling;
severe plastic deformationl;
h1eavy wer

Pacr!eO no frq.,cture;
Deavy spflinag
severe plastic deformaetion;
beaviy wear.

Outer Face no, frsicture;
heavy Spalitfg;
severe pliastic deformation;
beevy weiar.

Tbp lxaring:

Bra.1em no rfracturc,-

no plastic deforobtiloI..;
b~eariyveer-.

Inner PACe t tc frec-turz4

ýx4erate u4c*r..

Cuter ~AfCeC no ratw

ao ~.atic eAr-atM.

were voidta tc tbc tiwer rae, V. ~o*2
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TABLE )UIV-C"TIMWJID

SAMPLE NUWBIR IIL66-336, RUN NO. 2

OBsaIIAnfl BBA8II TET
ADW~-6 BEj~IWS

l25 dog. F., 4,0000 lb. loed;+sto utomtieal.y after
141,222 cMce•; oscillation - 10 ; no relubrication.

Bottom Bearing:

I ollers no fracture;
heavy spelling;
severe plastic defoarwtiot;
heavy wear.

Inner Race no fracture;
heavy spelling;
severe plastic deformation;
heavy veer.

Qiter Race no fracture;
beavy spalinW
severe plastic deftormtin;
beavy wear.

Top Bearing:

Rollers no frecture;
scm s$pallng;
no plastic deforation;
woderete war.

Inner Race no fracture;
modera te spelling;
no plastic deformtim;Sheavy waro

Nter Face no f'rctare;
moderate speLUing;
no pl.astic deforaticm;
beevy veer.

kto. herzcovIple!ý .'o sasuaraent and coctrol of tawparstuare
vere velded tc the inner races of both bearijns.

-- 222



TABLE XLIV-COWTINUED

sBw ?US m.66-336,, RUN O. 3

£ W6UARIiI2W

425 dog. F., 4,000 lb. loed;sstgpe sutomtief l•- after
1022.M cycLes; oscillation .0;no :relubricatlcs.

Bottom Bearing;

Rollers no fracture;
heavy spelling;
severe plastic deformation;
bwvy year.

RO Mace no fracture;
hbaeMy aong
severe plastic defornatim;
bhavy veor.

nater ?aM no frectare;
moderate spaling
moderate plastic deformation;
heavy veGr.

Top Doering:

,,oiers no fracture;
som selint.,;
no pastic deformation;
moderate veer.

bmw Poes no fracture,*
so spelling;,
wo plastic deformatlo;

heavy veer.

Oater Face no fracture;
some spellinag;
a* plastic dol,'omation;
beevy veer.

ftt: T2scoxle for msrment end control of tp-retwr
we.e uel4m to the inner races of both bearings.
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